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SUMMARY
Alcohol fuels are expected to become an economic/strategic 
alternative to oil over the next decade as oil reserves are depleted 
and countries seek to become more energy self-sufficient. Methanol, 
produced from natural gas deposits, and ethanol, produced locally by 
distillation of biomass, offer easily transportable alternatives.
The use of a wider range of fuels in spark-ignition engines and the 
quest for fuel economy whilst meeting exhaust emissions legislation 
are important issues in engine design. The performance of current 
and proposed combustion chamber designs needs to be assessed with 
lean mixtures of both conventional and alternative fuels.
The parameters defining combustion chamber performance, initial 
flame development and cycle-to-cycle variations in combustion may be 
readily determined using computer in-cylinder combustion models in a 
diagnostic manner to reduce experimentally acquired cylinder 
pressure data. This thesis develops and applies two analysis 
techniques to the study of the combustion of methanol in the lean 
burning regime with experimental results from three engines. The 
pressure increment technique, in which the pressure rise owing to 
combustion at constant volume is computed, is suitable for use 
directly on microcomputer systems. The two-zone equilibrium theory 
model, in which the mass burnt to give the measured pressure rise is 
evaluated, provides a more comprehensive analysis but is demanding 
in computer power.
Higher burning rates were achieved using highly turbulent 
combustion chambers with methanol and equivalence ratios could be 
leaned to about 0.8 before cycle-to-cycle variations in combustion 
limited stable operation. The results obtained indicated the 
significant phases of initial flame development, the influence of 
early flame development on subsequent burning rates, and the 
influence of differing chamber geometries on performance. The 
combustion process was modelled for use in parametric studies of 
engine performance based on empirical data.
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Nomenclature
A constant, air/fuel ratio
a crank length, index of power law, constant
D cylinder bore
d diameter
E energy, activation energy
F fuel/air ratio
H enthalpy
h specific enthalpy, heat transfer coefficient, height
of combustion chamber 
K equilibrium constant
k pre-chamber non-dimensional number
1 connecting-rod length
M molecular mass
m mass
Nu Nusselt number
n index of compression or expansion
P maximum pressure
p pressure
Q heat transfer
q specific heat transfer
R gas constant, radius
Re Reynold’s number
S speed, stoichiometric air/fuel ratio
T thermodynamic temperature
t time
u specific internal energy
V volume, volumetric fraction
v specific volume
W work transfer
x mole fraction
a cyclic dispersion
Y ratio of principal specific heat capacities
A difference
0 crank angle
v kinematic viscosity
£ compression ratio
/
p density
ct standard deviation
t delay period
$ equivalence ratio
cj angular velocity
Subscripts
ad adiabatic
b burnt
c combustion, clearance
cv constant volume
e entrainment, equivalent
f flame front
ht heat transfer
i species
ign ignition
L laminar
m mean
max maximum
o motored engine, start of combustion
p pressure, propagation
s swept, stoichiometric
T turbulent
u unburnt
v volume
1 INTRODUCTION
The versatility of oil has made it an attractive fuel for 
industry and transport. Over-production and price reductions during 
the 1950's led to oil's overtaking coal as the prime source of 
energy. Oil now accounts for about 54% of the world's energy 
requirements. Oil is, however, a finite resource that is becoming 
increasingly more difficult and more expensive to find. It has been 
estimated that about a third of the total recoverable oil reserves 
have been discovered and many varied estimates of the life of the 
world's oil resources have been made. It is generally agreed that 
by the year 2000 oil supplies will become critical. Severe 
restrictions will be placed on the use of oil and prices will rise 
significantly above those of today.
Whilst it is possible to employ alternative sources of energy, 
such as nuclear power, solar energy and coal in static industries 
and domestic installations^ transport will remain dependent on 
liquid or gaseous fuels which have a high specific energy content, 
are readily transportable and easily stored. The current production 
costs of different fuels are compared with those for oil in table
1.1 for 1983. The introduction of alternative liquid fuels for 
transportation is not justified economically at present but many 
countries, particularly those of the developing world, are 
expressing more interest in reducing adverse balance of payments by 
reducing their dependence on imported oil. Alcohol fuels are being 
introduced either as blends to extend petroleum products or as fuels 
in their own right. Oil will however continue to be the predominant 
basis for fuel for aircraft and motor vehicles until supplies become 
critical and price 'hikes' make alternative liquid fuels an economic 
proposition.
Table 1.1 Comparative Energy Costs
(Source Shell Briefing Service No 5/1983 London)
Comparative Energy Costs
1983 dollars per barrel of oil 
equivalent on a thermal basis*
Unit
costs
Middle East Oil 
North Sea Oil
Liquids from oil sands/shale (N America)
1-5
5-25
40-85
Indigenous coal (US) 
Imported coal (NW Europe) 
Indigenous coal (NW Europe)
3-10
10-20
10-35
Nuclear input break-even value + 10-25
Liquefied natural gas imports, 
high Btu (delivered Europe,Japan,US) 30-50
Synthetic natural gas (high Btu) 
from indigenous coal (US) 50-70
Liquids from coal (NW Europe) 60-100
Liquids from biomass (crops grown for fuel) 50-150
Electricity (based on conventional fossil 
fuel and nuclear generation)
Electricity (based on solar/wind/tidal)
100-150
100-500+
* These estimates do not include refining, storage, 
transmission and distribution costs to final 
consumers, where applicable.
+ The fuel input cost required for fossil fuelled plants 
to produce electricity at the same cost as nuclear sta
The quest for economy in fuel consumption as a direct 
consequence of OPEC price rises and reductions in exhaust emissions 
enforced by environmental legislation have stimulated research and 
development of automotive combustion chambers. Compact, highly 
turbulent, chambers with short flame travels and associated high 
burning rates have been developed for the combustion of lean 
mixtures. Cyclic variations in combustion are low thereby 
overcoming the impairment of driveability that would otherwise have 
occurred. Whilst fuel economy continues to be a primary 
consideration in the design of engines, manufacturers also need to
have data readily available on the performance of their engines with 
alternative fuels; in particular the alcohols and alcohol/gasoline 
blends as the alternative fuel distribution infrastructure is 
developed.
Indigenous sources of alternative fuels are already being 
exploited in countries where foreign exchange balances are adverse 
and/or political consideration preclude guaranteed supplies of 
oil. South Africa, in the face of economic sanctions, has developed 
facilities for the production of synthetic gasoline from indigenous 
coal supplies and is active in researching the use of vegetable oils 
in diesel engines. Brazil has undertaken a development programme to 
replace some 60% of imported oil with local production of ethanol 
from biomass. In the US alternative fuel supplies are being 
developed for environmental and strategic reasons. Up to 5% ethanol 
may be blended in gasoline in the mid-west states and captive 
alcohol-fuelled fleet vehicles are being evaluated in pollution 
sensitive states such as California in an effort to reduce vehicle 
emissions. Additional expenditure on the production and 
distribution of alternative fuels may be justified when all 
contributing factors are taken into consideration.
1.1 Lean-burning Concepts
Recent research work on spark-ignition engines, summarised in 
reference 1, has been directed, predominantly, at reducing fuel 
consumption and the meeting of the increasingly stringent 
legislation introduced in Europe, Japan and the United States on 
exhaust emissions. These two fields of research are often 
conflicting. The work includes charge stratification, the 
generation of high turbulence levels in combustion chambers, the use 
of exhaust catalytic converters, mixture preparation and the burning 
of lean mixtures through either the induction of lean mixtures or 
the dilution of the charge with recirculated exhaust gases. There 
are sound arguments (2) for further research into lean-burning 
engines to reduce exhaust emissions, improve fuel economy and, with 
the adoption of high compression ratios, increase the thermal 
efficiency.
The fundamental importance of turbulence in increasing mass 
burning rates is well documented, particularly in the field of 
compression-ignition engines. Combustion chamber designs include 
recessed bowls in pistons, separate pre-chambers and shrouded intake 
valves to increase turbulence levels and thereby reduce the duration 
of combustion. May (3) incorporated squish-induced turbulence and 
reduced the flame travel in a compact combustion chamber design to 
improve burning rates with lean mixtures and to reduce the incidence 
of cyclic variations in combustion. The May Fireball combustion 
chamber is used in the current Jaguar V-12 high economy engine. The 
significance of high combustion rates has been recognised by Toyota 
who have developed a lean burning engine that was reported by 
Noguchi et al (4).
The concept of operating spark-ignition engines with lean 
mixtures to reduce N0X and CO emissions is well established. 
Equivalence ratios may be weakened to values between 0.8 and 0.6, 
depending on the combustion chamber geometry, before cyclic 
variations in combustion limit stable operation of the engine and 
consequently impair the driveability of the vehicle. Compression 
ratios have been increased to improve efficiency and restore some of 
the loss of power resulting from the combustion of lean mixtures. 
Large cycle-to-cycle variations in the pressure-crank angle diagram 
can result from burning lean mixtures. "Eight stroking" occurs 
frequently at the lean misfire limit and flame speeds may be reduced 
so much that flame propagation is often incomplete when the exhaust 
valve opens. This results in high levels of unburned hydrocarbons 
in the exhaust, poor fuel economy and poor driveability.
Quader (5) established that the limit to stable operation is 
caused by misfiring and/or by low combustion rates which are too 
slow for complete combustion of the charge before the exhaust valve 
opens. Peters (6) reported variations in the mass burning rates in 
spark-ignition engines operating in a partial burning regime using 
methane-air mixtures. His analysis of some 400 individual cycles 
showed a variation in imep of between 80 kPa and 470 kPa with a 
median of 344 kPa and standard deviation of 62 kPa. Peters 
identified a second type of partial burning cycle; one in which the 
flame is extinguished before the exhaust valve opens, albeit from
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Fig 1.1 Emission concentration in engine exhaust
his tests on a CFR engine burning methane. Both types of partial 
burning cycles are characterised by slow rates of combustion after 
the flame has been established. Schlieren photographs taken by 
Hamamoto et al (7) showed that as the mixture strength is weakened 
to the limit of lean operation, the flame propagation is slow and 
the flame front becomes branched, whereas near the flammability 
limit the flames take a disintegrated form and are easily 
extinguished.
1.2 Alternative Fuels
Synthetic liquid fuels could provide versatile, easily 
transportable alternatives to oil. Alcohol is considered to be one
of the most suitable alternatives. Although current production
costs exceed those for oil the price of methanol produced from 
natural gas is forecast at an oil equivalent of $35 a barrel (1985 
prices) in the 1990's. Oil production costs may exceed this figure 
during the same time scale.
Research work into alcohol fuels technology was advocated by 
the US Office of Technology Assessment (8) in 1979.
"Alcohol is an attractive fuel that can be used as a blend 
with gasoline in present engines at a cost slightly greater 
than gasoline. The use of pure alcohol as a motor fuel 
requires some changes in the engine and may require 
modification of the fuel transport, storage and 
distribution system. Pure alcohol is not cost competitive
with gasoline at present. The environmental impacts of
alcohol fuels need further study".
This view was shared by President Carter in his address to the 
US Nation on 15th July 1979 in which he introduced a multi-million 
dollar programme to reduce the US dependency on imported OPEC oil. 
$140 billion were to be allocted to a "synfuels" programme.
The current position on alcohol fuels was assessed at the VI 
International Symposium on Alcohol Fuels Technology in Ottawa on 21- 
25 May 1984. Keynote speakers attempted to addresss two fundamental 
questions, "Where are we?" and "Where are we going?”
The Chairman of the California Energy Commission, Charles 
Imbrecht, entitled his keynote address "Methanol - the strategic 
fuel for the future and a strategy for action". He expressed the 
belief that the West needs to come to grips with the long term 
issues of fuel supplies and emphasised the need for cooperative 
action worldwide to ensure alternative fuel supplies. Many 
countries in both the developed and the developing world are 
concerned about reducing their economic dependence on imported oil 
and thereby becoming more energy self-sufficient. The alcohol 
fuels, either methanol, produced from indigenous deposits of natural 
gas, or ethanol, produced from biomass, offer attractive 
alternatives to oil.
There is currently a world surplus of methanol owing primarily 
to the economic depression and relatively stable oil prices. Many 
countries such as New Zealand, South Africa and the US have 
sufficient supplies of methanol to reduce their dependence on oil 
and are active in the alcohol programme. The state of California 
has invested $M 10-12, mainly with Ford and Volkswagen, to evaluate 
the potential of methanol-fuelled vehicles. Emissions have been 
reduced and air standards improved but increased engine wear has 
been identified as a problem requiring attention. Although Canada 
currently exports oil, exploitation of her indigenous resources is 
expected to become uneconomical over the next decade and an active 
programme to produce methanol as an alternative fuel has been 
started. Captive test fleet vehicles are already under evaluation 
in Ontario.
In other countries, particularly in the developing world, 
ethanol produced from biomass could provide localised sources of 
reliable and readily transportable fuels. This fuel is well suited 
to use in farm machinery and power generation engines in remote 
rural areas. The potential for biomass production is high, with 
conversion rates to alcohol of up to 40 tonne/hectare year. Brazil 
currently produces 8 million m /year of ethanol from over 300 
localised distilleries and has engaged in a programme to reduce oil 
imports by 60%. The World Bank is strongly interested in programmes 
to develop alcohol supplies but investment is likely to be much 
reduced from the $M 250 invested in Brazil in the late 1970's to
levels in the $M 20-30 range for Third World countries with an 
interest in becoming self-sufficient in fuel.
Methanol and ethanol, with RONs of 114 and 111 respectively, 
are particularly suited to use in high-compression spark-ignition 
engines. The Ford Escort engine has been developed to burn methanol 
for use in the captive test fleets of Ontario and California. In 
addition to the material changes introduced, the compression ratio 
of this engine has been increased to 11.9:1. Both methanol and 
ethanol are also in use in the USA and West Germany as octane 
improvers in place of lead and this use will increase as lead levels 
in gasoline are reduced and subsequently eliminated.
The small diesel engine, used widely throughout the Third World 
for power generation and pumping, is particularly suited for 
conversion to alcohol fuels. The high compression ratios and 
turbulent combustion chambers are ideal for the combustion of lean 
spark ignited alcohol mixtures. On the other hand both methanol and 
ethanol have extremely low cetane numbers, about 3 for methanol and 
are therefore difficult to ignite by compression ignition, 
particularly, at loads below 25% of the engine rating. Ignition 
improvers in the form of additives, pilot injection of diesel oil, 
glow plugs and surface ignition are all employed to enhance ignition 
of alcohol fuels in diesel engines. It was recognised by the 
Conference that the problems of igniting alcohol fuels in injected 
diesel engines need to be addressed before a successful programme of 
the supply and distribution of alcohol fuels could be established.
1.3 Diagnostic Modelling
In assessing the performance of different combustion chambers 
with both conventional and alternative fuels, the analyst needs to 
be able to evaluate the various parameters describing performance 
easily from test bed data. Typical parameters describing combustion 
chamber performance which may be used for comparative purposes are 
listed in Table 1.2. The analyst needs to quantify the 
characteristic features of the period of initial flame 
development. This period should be short so that the spark advance 
required for best torque is minimal and combustion can be initiated 
with the highest possible mixture temperature close to TDC. The
rate of burning should be maximised to give a combustion rate 
approximating to that of the Otto cycle whilst detonation is 
avoided. The cumulative mass fraction burnt needs to be maximised 
to promote good fuel economy with lowest HC emissions. Cyclic 
dispersions in the combustion parameters, resulting from operation 
in the lean burning regime, impair driveability, reduce fuel economy 
and increase exhaust emissions.
Turbulence levels and local fluid velocities may be determined 
using hot wire anemometers and laser techniques. High speed 
photography may be used to study flame propagation and to evaluate 
propagation rates. These methods are expensive to use and generally 
require engine modifications such as fitting quartz windows into 
cylinder heads or piston crowns to accommodate the particular 
technique employed. The location of probes may be restricted by 
engine geometry and the accuracy of measurements may be questioned 
because of the intrusion of the probe into the actual flow, 
modifications to the combustion chamber geometry and the need to 
calibrate instruments for varying pressures and temperatures. 
Additionally, the use of hot wire anemometers is limited to motored 
engines and seeding is required with laser doppler aneraometry.
These techniques are considered best suited to highly capitalised 
research programmes. For evaluation programmes comparing combustion 
performance of production engines with different fuels and different 
combustion chamber geometries an inexpensive, non-intrusive 
comparative technique with rapid data reduction is needed.
Computer models of engine combustion, although limited by their 
predictive nature in determining performance parameters from easily 
acquired test data, are relatively inexpensive to use in a 
diagnostic manner without modifying either the geometry or flow 
pattern. Two computational techniques may be used to predict 
combustion chamber performance from experimentally acquired cylinder 
pressure readings. One is based on the summation of incremental 
rises in pressure caused by combustion over each degree of crank 
angle and the second derives from the application of the First Law 
of Thermodynamics to the combustion of sufficient fuel to cause an 
increase in cylinder pressure equal to that measured 
experimentally. The former technique is ideally suited for use on­
line with the microcomputers in use for data acquisition whereas the 
latter is a more comprehensive method suited to mainframe machines.
Table 1.2 Combustion Chamber Performance Parameters
Parameter Requirement
Initial flame development 
period
Minimise to reduce spark advance 
needed for best torque and to 
initiate combustion with highest 
possible unburnt gas temperature.
Mass burning rate Maximise to approximate to constant 
volume combustion of Otto cycle 
without detonation.
Mass fraction burnt
Cyclic dispersion in 
combustion parameters
Maximise to achieve best fuel 
economy and low hydrocarbon emissions.
Minimise to maintain driveability 
and reduce eight-stroking when 
burning lean mixtures.
Emissions Minimise CO, HC and N0X emissions 
to comply with regulations. For 
alcohols reduce aldehyde emissions,
1.4 Objectives
The purpose of this research work was therefore to combine two 
fields, that of the lean-burning, high-compression engine with that 
of the developing alcohol fuels technology. The basis of the 
programme was an experimental and analytical study of the combustion 
performance of lean methanol mixtures in highly turbulent combustion 
chambers.
The objectives may be listed as:
a) the development of a diagnostic engine combustion model 
for the inexpensive analysis of combustion chamber 
performance from experimentally acquired test bed data.
b) the identification of the characteristic features of flame 
development in spark-ignited lean methanol mixtures.
c) an analysis of the influence of the initial period of flame 
establishment on subsequent flame propagation rates.
d) an investigation of the influence of cyclic variations in
combustion caused by misfiring and partial burning.
e) the development of suitable combustion models for the 
combustion of lean methanol mixtures for use in parametric 
studies of engine performance with synthesis computer 
programs.
1.5 Aim
The aim of this research work may, therefore, be summarised as 
the development of a diagnostic engine combustion model for the 
analysis of combustion chamber performance and the application of 
the model to the study of combustion in lean-burning, high- 
compression engines fuelled with methanol leading to synthesis of 
combustion models for use in predictive computer programmes.
2 COMPUTER MODELLING
The performance of combustion chambers has been evaluated by 
the prediction of heat transfer rates from indicator diagrams and 
pressure-crank angle data for a considerable time. Early methods 
(9) utilised indicator cards to determine the polytropic index of 
expansion and hence calculate the energy transfer during a small 
change in volume from the expression,
41 - Pk p • 2. 1dv 1-f v
Later methods related the pressure rise due to combustion to
the mass burning rate in a correlation of motion pictures of flames
with indicator cards. As computer power became readily available 
techniques applying the First Law of Thermodynamics were developed.
2.1 Pressure Rise Analysis
Rassweiler and Withrow (10) related the summation of the 
incremental rise in pressure owing to combustion over each degree of 
crank angle to the mass burnt by means of correlation with high 
speed photography of flame propagation in engine cylinders. The
computational technique is illustrated in figure 2. 1. The pressure
rise over 1°CA is subtracted from the rise owing to the motion of
the piston in the cylinder to give the pressure rise resulting from
combustion.
*p - (p1+r  Pl) - p ^ W i ) "  2- 2
The index of expansion (n) may be determined from motoring the 
engine or from the pressure readings taken when combustion is
complete. The combustion pressure rise is then referred to that at
constant volume at the point of ignition using the relationship
Ap = (V/V. )Ap 2.3
cv ign
Summation of the incremental rises in pressure at constant 
volume produces a curve that may be compared with that of mass burnt 
against crank angle. Combustion is considered to be complete when 
the incremental pressure rise is zero or negative. With mixtures
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close to the stoichiometric air/fuel ratio the cumulative mass 
fraction burnt approximates to unity. In such cases the pressure 
summation curve may be related directly to the mass burning curve by 
assuming the mass fraction burnt to be unity when the incremental 
pressure rise becomes negative. With operation in the lean burning 
regime, however, partial burning occurs with combustion incomplete 
when the exhaust valve opens. It is not therefore possible to 
relate the pressure rise data directly with the mass burnt using 
this technique. Performance evaluations are thus limited to 
comparisons of pressure rise data.
The pressure rise analysis is particularly suited to use on 
microprocessors which are finding increasing use in data acquisition 
on engine test beds. A computer program used with this method is 
shown schematically in figure 2. 2 The program listing together with 
the associated plotting routines are in appendix B.
2.2 Equilibrium Analysis
The pressure analysis technique yields limited information on 
combustion from experimental data. The pressure rise may not be 
directly related to mass burnt in partial burning cycles. Other 
parameters, such as the burnt and unburnt gas properties and the 
mole fractions of the products of combustion, are not predicted and 
the effects of heat transfer to the piston crown and cylinder walls 
cannot be quantified. A more comprehensive model is needed for 
purposeful evaluation of combustion performance.
Krieger and Borman (11) developed a 2-zone heat release model 
to calculate mass burning rates. The model calculates burning rates 
from the application of the First Law of Thermodynamics to the 
combustion of sufficient mixture in an unburnt zone to cause an 
increase in pressure equal to that measured experimentally. The gas 
in the cylinder is divided into 2 homogenous zones, an unburnt zone 
and a burnt zone, which are at uniform temperature and of uniform 
composition. Both zones are at the same pressure. Application of 
the First Law to the system of products in each zone gives.
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The solution of equation 2.4 depends on:
a) the determination of internal energy as a function 
of composition, pressure and temperature,
b) the equation of state,
c) the determination of the volumes of each zone,
d) the mass balance,
e) the heat transfer rates to the engine components
and the other zone.
The heat transfer may be modelled using empirically derived 
convection and radiation equations. For example the heat transfer 
model of Woschni (12), which includes 2 convective terms, one of 
which takes the piston motion into account and the other the 
convection due to combustion, may be used to calculate heat transfer 
coefficients for each zone. The internal energy, molecular mass and 
species mole fractions may be evaluated using chemical kinetic 
theory if it is assumed that the products of combustion follow a 
process of shifting equilibrium.
Olikara and Borman (13) have written a computer programme to 
calculate the equilibrium mole fractions and the partial derivative 
of the mole fractions with respect to temperature, pressure and
equivalence ratio for the products of combustion of any hydrocarbon
fuel and air. A subroutine in the programme calculates the gas 
constant, enthalpy and internal energy, and the partial derivatives 
which are needed in the numerical solution of the first law 
expressed as a differential equation in time. The thermodynamic 
properties used in the programme are taken from JANAF Thermochemical 
Tables (14).
The works of Krieger and Borman, Woschni, and Olikara and 
Borman have been combined in a computer programme' to calculate mass 
burning rates and the mole fractions of the products resulting from 
the combustion of iso-octane and methanol. The thermochemical
properties for the reactants, iso-octane and methanol, were taken 
from the American Petroleum Institute - Research Project 44 (15) and 
from the Physical and Thermodynamic Properties of Aliphatic Alcohols
2.2.1 Derivation of Equations
The combustion chamber is considered by Krieger and Borman 
(11), to be divided into 2 zones, a burnt zone which contains the 
products of combustion at a uniform temperature T^ and a uniform 
composition of the molar species, and an unburnt zone containing a 
homogenous mixture of reactants at a uniform temperature Tu. The 
total volume of the combustion chamber is defined by the engine 
geometry, viz
and the rate of change of volume of the combustion chamber by
The volumes of the unburnt zone and the burnt zone are defined by
and, if a sufficient mass of reactants are burnt to cause a pressure 
rise equal to the rate of pressure increase measured experimentally,
The reactants and the products are assumed to be perfect gases at a 
uniform pressure p. Thus
(16)
a (1 +^a) - ^ ^ a ) 2-sin2 0 -cos 0 ^  2.5
sin20
2. 6
2. 7
If blowby and valve leakage are neglected then
m = m . + m, u b 2.8
2.9
m R Tu u u 2. 10Vu
wFig 2.3 Two zone
heat release model
the burnt zone 
pig 2.4 Transfers to the
and, on differentiation logarithmically with respect to time,
i  + v  + \  \  2 > u
p mb Rb Tb vb
m R T Vu . u , u u
m R T Vu u u u
Application of the First Law of Thermodynamics to the burnt zone
gives.
V  wb ’  iEi
ii . .
P $, = m h + m.u, 2. 12
1=1 bi b u u b b
Similarly for the unburnt zone
li • •
^  1 Q . ~ p ^ = m u - m h  2. 13
1=1 ui u u u u u
The heat transfer rates are summed over each heat exchange surface; 
the mean value of the heat transfer coefficient being evaluated from 
an empirical relationship such as that derived by Woschni i.e.
Q . = h A . (T T ) 2. 1A
ui u ui wi u
Qv = K  K- <T •" T.) 2* 15bi b di wi b
Equation 2.13 may be expressed as
Equation 2.11 may be re-written, assuming that Ry is small
m V
T = T £ -  T -^ + T ^
u u p  u m u Vu u
T m pV
= T £ _ J U i  + 2.17
u p  m m Ru u u
Substitution from 2.16 gives
* 1 • 1
1 = (T £ + — i- 4-% Q .)/(l + ~ ) 2.18u u p  ra R 1=1 ui R 5Tu u u u
Thus the rate of change of temperature in the unburnt zone may be 
derived from experimentally determined values of the rate of change 
of pressure. Equations 2.9 and 2.12 may be combined.
n
V b  + V b  " \  (uu+ Ru V  = 5bi" P^ b 2-19
Now ub = f(p,Tb)
5u du
Therefore u, = -r—^ p + —~  ^b dp dT
and equation, 2.19 thus yields
5ub Sub •
m u + m ——  p + m — T - m (u + R T )b b b dp b dTfe b b u u u
n
2-2°
Assuming Rb is small in equation 2.11 gives
which on substitution in equation 2.20 yields
£ _
5u, 5u, m, V,
_ - p + m. (T. ^ - T, —  ' mdp d 5T^ b p  b m^”bUb + % 9 T f ^ 3 T : (I p ' T i : + I b V7) - \ ( V  R U T U }
n
F=i K  - 2-22
Differentiation of 2. 7 gives
V = V, + V b u
or on substitution from 2.11
“h T
V = V (—  - -=r- + £ . ) + V  2.23b u m  1 pu u
•
Equation 2.22 may then be written on substitution for V, as
b
. Su, , 5u, m, 5u, V JL
(muRu^u " 5T^ + + V~. 5p“ + + i=l^bi
m, =
b R T 5u.( \ , /_UU _ m \ I
^Ub uu }  ^ R, b 5T,
Thus the mass burning rate may be calculated from equation 2.24 
from experimental values of p and p, and the value of T calculated 
from equation 2.18. Equation 2.22 may then be used to calculate the 
rate of change in volume of the burnt zone and hence the rate of 
change of temperature of the products of combustion in the burnt 
zone from equation 2.21.
2.2.2 Euler Iteration Technique
The use of an improved Euler iteration technique is recommended 
by Olikara and Borman (13) to evaluate the properties of the gas in 
each zone. If the temperature at step n is TR then a first 
approximation of the temperature at step n+1 is
This value is then used to recalculate the value of the time
The second approximation of Tn+1 is used as the starting value for 
the subsequent time interval.
2.2.3 Adiabatic Flame Temperature
At the ignition point the temperature of the products of 
combustion in the burnt zone is assumed to be the adiabatic flame 
temperature. This is calculated from the specific enthalpy of the 
reactants and that of the products
2.2.4 Heat Transfer Model
The heat transfer process in the cylinder is complex with 
spatial variations and rapid changes with time. Experimental data 
is often given in a lumped form only, being dependent on many 
parameters. Woschni (12) developed a method for calculating the 
heat transfer coefficient as a function of crank angle which 
includes the convective effects caused by piston motion and those 
caused by combustion.
The heat transfer process is controlled by the physical 
influences of convection, radiation and the rapid change in gas 
temperature owing to combustion. The fluid velocity in the cylinder 
is high and the convection process will therefore be forced and 
turbulent. The heat transfer is thus modelled by the equation
derivative T n.^> which may be used to obtain a second approximation
t0 * n+1* viz
2.26
i.e. 2.27
Nu « C Rem 2.28
When the density, viscosity and thermal conductivity are expressed
as functions of pressure and temperature, equation 2.28 can be 
written as
m-1 m _m _0. 75-1. 62m h = Cd p S T 2.29
where S is the average gas velocity. The magnitude of the average 
gas velocity as a function of crank-angle is difficult to ascertain 
experimentally and Woschni therefore uses the mean piston speed as a 
representative value of average gas velocity.
The combustion process causes an addition to the turbulent 
convective fluid motion and the average gas velocity is increased,
where Sc is the additional gas velocity caused by combustion. This 
additional gas velocity increases rapidly from zero at the ignition 
point to a maximum during combustion and decays to zero during the 
expansion process. The pressure-crank angle curve is used to 
express the variation in the additional gas velocity with time in 
the absence of accurate temperature-crank angle data. The influence 
of compression due to the motion of the piston is eliminated by use 
of the pressure difference between the actual cylinder pressure and 
that corresponding to the pressure in a motored engine.
The effect of the mass of fuel is included by multiplying the 
pressure difference by the swept volume and relating this to the 
increase in internal energy, and hence temperature, by use of the 
equation of state for a perfect gas.
Then
S = I m 2. 30
From experiments on an unfired engine Woschni determined that
2.31
2. 32
i.e Sc = f(P-Po> 2. 33
Thus correction of equation 2.29 for the influence of combustion 
yields
h = 110d‘°’2 p0,8 t"0,53 (C $ +  C9(p-p )V — 4~)°  ^ 2-35r 1 m 2 r ro s
o
where h = heat transfer coefficient (kcal/m h K) 
d = bore (m)
2
p = gas pressure (kp/cm )
T = gas temperature (K)
Sm = mean piston speed (m/s)
3
Vg = swept volume (m )
3
= cylinder volume at inlet valve closure (m )
2
p-^ = cylinder pressure at inlet valve closure (kp/cm )
= temperature at inlet valve closure (K) 
pQ = pressure corresponding to that in motored engine (kp/i
Woschni determined experimental values for the constants as
= 2.28 for compression and expansion
C-^ = 6.18 for scavenging
C2 = 3.24 x 10 ^m s  ^K 3
2.2.5 Calculation of Equilibrium Combustion Products 
and Reactant Properties
The solution of the equations derived to calculate the mass 
burning rates and the species molar fractions in the burnt and 
unburnt zone depends on the rapid calculation of the equilibrium 
compositions, gas constant, enthalpy, internal energy and their 
partial derivatives with respect to time, pressure and equivalence 
ratio.
Olikara and Borman (13) considered the equilibrium combustion 
of a fuel CnHm0-^ N^  in air at an equivalence ratio F, temperature T 
and pressure p.
X13 [CnHm°lNk + 'n+mj/"F (°2+ 3-7274N2+ 0. 0444Ar)|
— + x^O + XgN + x^H^ + x,.0H + x^CO + x^NO + XgO^
+ XgH^O + x ^ C O ^  xliN2+ xi2Ar 2,32
where x^  to x^2 are the mole fractions of the product species and 
x^3 the mole fraction of fuel to give one mole of products.
Atom balances for the elements give 5 equations
C Xg + x q^ = nx^ 2.38-1
H x + 2x.+ x + 2xQ = mx „ 2.38-21 4 5 9 13
0 x. + x. + x, + x7+ 2x + xQ + 2x n = 2rx10 2. 38-32 5 6 7 8 9 10 13
N Xg + x^  + 2x^ = 2r' x^g 2.38-4
Ar x^2 = r11 x^g 2.38-5
where rQ = (n + m/4 - 1/2)F
r = 1/2 + ro
r? = k/2 + 3. 7374 rQ
r' ’ = 0. 0444 ro
The constraint that the mole fraction of all the products is unity 
gives another equation
12
51 x. = 1 2.38-6
i=l l
To solve for the 13 unknowns a further 7 equations are needed.
These are provided by the equilibrium among the products with the 
following 7 non-redundant hypothetical reactions.
The equilibrium constants (K) were curve fitted from JANAF 
Therraochemical Tables.(14) The equations were expanded around a 
known vector as a Taylor's series to produce a set of linear 
equations, neglecting partial derivatives of second order and above, 
in Ax which can be solved using a Gaussian elimination method. The 
enthalpy is defined as
H = enthalpy at T above that at thermodynamic zero 
+ enthalpy of formation at zero from the elements in
standard reference states at zero 2.39
2.38-7
2.38-8 
2. 38-9
2.38-10
2.38-11
2.38-12
2.38-13
The average molecular weight, gas constant, specific enthalpy 
and specific internal energy are calculated from
12
M = x. M. 2.40i=l l l
R = R /M 2.41o
12
h = x.h /M 2.42i=l l i
u = h -RT 2.43
The partial derivatives of the mole fractions are determined in 
the programme by the Gaussian elimination method and the partial 
derivatives of the gas properties calculated from those for the mole 
fractions, for example 
12
M . Z  „ 2.44
9T i=l i 5 1
Reference (13) gives details of the curve fitting of 
equilibrium constants, mole fraction computation equations, partial 
derivative computation equations, a guide to using the computer 
programme and a full listing.
Although iso-octane and methanol are immiscible, in the absence 
of detailed data for gasoline the combustion process for alcohol 
gasoline blends was modelled as the combustion of an iso-octane 
methanol blend at a pressure p, temperature T and equivalence ratio 
F and is defined by the equation.
1.5+llx
X13C8H18+ (1_x 13) CH30H +  F  (°2+ 3- 7274n2+ 0. 0444Ar)
—►  XjHj+ x^O + x ^ N ..........  xi2Ar 2.45
The mole fractions for 1 mole of fuel are therefore
X13CgH18 x(l) = -zr- 2.46-1
x(2) = (1.5 + lly3 )/FS 2. 46-2
N2 x (3) = 3.7274 (1.5 + llx13>/FS 2.46-3
Ar x(4) = 0. 0444 (1.5 + llx13>/FS 2.46-4
CH30H x (5) = )/S 2.46-5
1. 5+1 lx 3
where S = x^3 + (l-x^3) + --- -^---  (1 + 3. 7274 + 0. 0444)
The volumetric fraction of iso-octane (V) is thus
114.233 x 3/0. 702 
V = (114. 233 x13/0. 702+32. 037(l-x13)/0. 796) 2,47
where the specific gravity of CgH^g is 0.702 and molecular mass 114.233 
the specific gravity of CHgOH is 0.796 and molecular mass 32.037.
Thus, for a fuel with a volumetric fraction of iso-octane V, 
the mole fraction of iso-octane is
X13 4. 0431 - 3. 0431V 2,48
and the stoichiometric air-fuel ratio (Ag) is
(1.5+11 x 3)32.037 
V  (114.233 xn + (l-x13)32. 037)0.233 2’49
2.2.6 Estimation of Flame Propagation Speeds
Flame propagation speeds may be estimated from the computed 
rate of change of the volume of the burnt zone on the premise that 
over many cycles the reaction zone propagates approximately 
spherically from the ignition source intersecting the surfaces of 
the combustion chamber geometry. If swirl is present the 
propagation is from the centre of swirl.
The propagation velocity relative to the combustion chamber may 
thus be computed from the calculated rate of change in the radius of 
the spherical flame front.
S = (flame front radius)
p dt 2. 50
The turbulent flame speed, defined as the rate of entrainment 
of unburnt gas into the propagating flame front may be computed from 
the mass burning rate and the surface area of the flame front.
The expansion velocity may then be evaluated as
Although flames propagate through turbulent action once 
established current computational models for estimating flame 
propagation speeds are based on evaluation of the laminar flame 
speed. For a particular fuel the laminar flame speed is a function 
of the pressure, the unburnt gas temperature, the equivalence ratio 
and the mass fraction of residual gases.
Various workers have derived algebraic relationships to 
calculate laminar flame speeds. That of Tabaczynski et al (17), 
based on a simplified chain branching theory has been used to 
evaluate laminar flame speeds for iso-octane.
2. 51
viz SL= f(p,T^ ,<E>,F) 2. 53
S = 13.7Li exp(E/RT )/T 2. 54
where is the mole fraction of fuel molecules in the unburnt
gas
Xn is the mole fraction of oxygen molecules in the unburnt gas 
2
T = T +0.74 (T. - T ) 2.55e u d u
For methanol the laminar flame speed has been calculated using 
the empirical relationship derived by Koda et al (18).
ST = 1. 09 x 10"4J T T ,2#45exp (-E/RT)/(T - T )31* 'm/s 2.56L $=1 1 u ad ad u J
Corrections for the effect of equivalence ratio were included by 
calculation of an index x from figure 6 of the reported work of Koda 
et al. For lean methanol mixtures the index was found to be 
approximately 1.8; whereas for rich mixtures the index was evaluated 
as -0.9 (fig 2. 5).
Then
S = St , ,$x 2.57L L <£=1
In the absence of data on the influence of cylinder pressure on 
laminar flame speeds for methanol, a correction was applied in the 
form of
p0 y
S = S _ .(— ) 2.58L L $=1 p
by evaluating a mean value of the index y from values listed by 
Annand (19) as 0.2.
The laminar flame speeds for iso-octane were evaluated from equation 
2.54 using the unburnt and burnt gas temperatures computed from the 
experimental pressure data, using the 2-zone equilibrium theory 
model, at the actual equivalence ratios. For methanol the values of
the burnt gas temperature, constant pressure adiabatic flame
temperature and unburnt gas temperature computed for the actual 
equivalence ratio were used in equation 2.56.
/n  &
O'/ O'Z
Rg 2.5 Influence of equivalence ratio on laminar 
flame speed for methanol (after Koda)
Table 2.1 Pressure Correction Index for Laminar Flame Speeds
Fuel Source Pressure Range Equivalence Index
atm Ratio
Egerton 1.0 - 9.2 0.75 0.36
Lefebvre 1.00 0.10
Keuhl 0.1 - 1.0 1.10 0.02
1.10 0.13
Propane
Lavoie 0.5 - 2.0 1.0 0.20
Tabaczynski - all 0.06
0.8 0.23
Metgalchi 0.4 - 20.0 1.0 0.17
Keck 1.2 0.17
T
Babkin 1.0 - 80.0 1.0 °-39-0-4 <1000>
0.27 at 300K
0.07 at 800K
0.8 0.36
Iso-octane Metgalchi 1.0 0.12
Keck 1.2 0.05
Tabaczynski all 0.22
2.2.7 Computer Program
The computer program consists of a series of subroutines which 
are accessed from the main program which controls the calculation 
sequence at 1° of crank angle from the closure of the inlet valve (- 
120°) to 120° after TDC. The main program also controls the output 
of results to a print file (5) and the mass burnt to a plot file (4) 
for subsequent plotting on the Calcomp plotter using the GINOGRAF 
subroutine package. The structure of the program and function of 
each subroutine is shown in figure 2.6.
The main program can be repeated for NCYCLes of pressure 
readings (-120° to + 120° CA) listed in a pressure file (6). The 
program accesses the subroutine DATAIN to obtain the engine and fuel
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data, and the operating conditions before reading the pressures from 
the pressure file. The engine geometry bore, stroke and conn-rod 
length are contained in a data statement. The initial temperature 
of the unburnt gas and the cylinder wall temperature are set in a 
second data statement. The following fuel and operating data are 
requested on-line at the VDU.
Fuel - in the form Ml00 (say)
Compression ratio 
Speed (rev/min)
Ignition timing - in the form - °BTDC 
Airflow (lb/h)
Fuel Flow (lb/h)
Subroutine FUEL is called during the initialisation sequence to 
determine the mole fractions of the fuel air mixture and the 
equivalence ratio.
Subroutine STEP uses the theory derived by Krieger and Borman 
to calculate the mass burnt, the burnt and unburnt gas temperatures 
and the volume of the burnt gas zone at each degree of crank angle 
using the improved Euler iteration technique. At each step of crank 
angle this subroutine calls
a) PER and EQMD, which were written by Olikara and Borman
to calculate the thermodynamic properties, mole fractions 
and the associated derivatives for gas in the burnt zone
ERROR CODE IERR - 
IERR = 0  No error
= 1 Specified temperature outside 1080 to 7200R 
range,
= 2 Specified equivalence ratio too high as to cause 
formation of free carbon,
= 3 Attempted to calculate an estimate; but none 
found within reasonable limits.
= 4  A singular matrix was encountered during 
calculation of mole fractions,
= 5 Few mole fractions were calculated as negative 
during iteration,
= 6 Newton Raphson iteration did not converge in 
25 attempts.
=7 A singular matrix was encountered during
calculation of partial derivatives of mole 
fractions.
Immediately after every call to the subroutine, the value of 
IERR was checked. It should be zero. If not, the numbers stored in 
the other output variable locations were meaningless. Values of 
IERR and also the condition (AN,AM,AL,AK,F,T,P,KLO) at which the 
failure occurred were printed and program terminated.
NUMBERING CODE FOR PRODUCT SPECIES
bscript Species
1 H
2 0
3 N
4 h2
5 . OH
6 CO
7 NO
8 °2
9 h2o
10 C02
11 N2
12 Ar
b) PROPCH to calculate the properties for the hydrocarbon
fuel/air mixture in the unburnt zone. An error code IRR is
set to 1 if the mixture temperature is .<£ 540 R or >*1800 R.
c) HTFR uses the empirical relationship derived by Woschni to
calculate the heat transfer coefficients for the heat 
transfer between the unburnt zone and the cylinder walls 
piston and cylinder head and that between the burnt zone
and the engine components. The program does not take the 
heat transfer between the 2 zones in the combustion model 
into account.
d) VOL to calculate the cylinder volume and the derivative 
dV/dt.
e) SPEEDS to calculate the laminar flame speed, flame 
propagation speed and entrainment velocity.
Subroutine TEMP is called at the ignition point to calculate 
the adiabatic flame temperature which is used as the first 
approximation to the temperature of the gas in the burnt zone. 
Subsequent calls to TEMP evaluate the flame temperature.
Subroutine OUTSUM and DEVN are called from the main program to 
calculate mean values of parameters calculated and the standard 
deviations for a short summary of each test.
Transfer of information between the subroutines is mainly 
through labelled COMMON areas
COMMON/RDGS - pressure, temperature, mass and volumes
COMMON/BLOC - molecular fractions
COMMON/PROP - properties of burnt gas and associated
derivatives
COMMON/TAB - derivatives of mass fractions 
COMMON/TIME - time derivatives
COMMON/ENG - engine data
Listings of the computer program and the associated plotting 
routines are given in Appendix B.
Mass burning rates were computed using the equilibrium combustion 
model for individual cycles rather than for an ensemble averaged 
cycle for the analysis of cycle-to-cycle variations. In the 
interests of economy of computer time no allowance was made for the 
effects of residual gases in cylinder at the start of the 
computation (120° BTDC). The computed mass fraction burnt was set 
at unity when the mass of mixture in the burnt zone of the model 
reached the time averaged value calculated from the measured air 
flow, fuel flow and engine speed.
The initial temperature in the combustion chamber was assumed to be 
550 R at the start of computation.
3. ENGINE TEST BEDS
3.1 Engine Selection
The alcohol fuels, with RON of 114 and 111 for methanol and 
ethanol respectively, are well suited for high compression spark- 
ignition engines. Maximum benefit may be derived from the high 
anti-knock properties by increasing the compression ratio and 
thereby improving the thermal efficiency. Many current production 
spark-ignition engines, however, have limited bearing areas, 
primitive bearing types and lubrication systems to simplify 
production and reduce.first cost. These engines are not the most 
suitable for research work at increased compression ratios with the 
associated uncertainties of higher structural and bearing loads. On 
the other hand, existing diesel engines are designed for high 
compression ratios; of the order of 20:1, and are more rugged in 
construction. But oxygenate fuels have low cetane numbers and are, 
therefore, difficult to ignite by compression ignition particularly 
at loads below 25% of the engine rating. Cetane improvers, in the 
form of additives, pilot injection of oil, glow plugs and surface 
ignition are all employed to enhance the combustion of alcohol fuels 
in diesel engines burning alcohol fuels. With these factors taken 
into consideration the choice of engine for the experimental 
programme was a diesel engine converted to spark-ignition. The 
selection of particular engines was largely limited by budgetary 
constraints to existing facilities. Two single cylinder, four 
stroke, diesel engines were selected for conversion to carburet ted 
spark-ignition engines for this programme - a 7.5 kW Farymann water 
cooled engine and a Petter BA1 air cooled engine. Further data were 
kindly supplied by BP Research Centre, at Sunbury-on-Thames, from a 
Ricardo E6 variable compression engine fitted with a standard flat 
cylindrical combustion chamber and subsequently with a turbulent 
bowl in the piston crown. With both types of combustion chamber 
shrouded and unshrouded inlet valves were used.
The engine data are listed in table 3.1 below.
Table 3.1 Engine Data
Engine I II III
Make Farymann Petter BA1 Ricardo E6
Combustion chamber Divided chamber Open disk or 
compact in 
piston crown
Standard disk 
or bowl in 
piston crown
Bore stroke mm 90 x 110 88.9 x 92.1 76 x 111
Compression ratio 9:1 and 11:1 12:1 and 10:1 9:1 and 10:1
Speed rev/min 1000 1500 1000
Timing 15° BTDC 10-30°BTDC MBT
Airflow lb/h 26.2 43.9 32.4
3.2 Farymann Engine
The Farymann engine was part of an existing test bed. It had 
been converted previously to a variable compression engine by the 
fitting of a contra-piston which projects into the 16 mm spherical 
prechamber as shown in figure 3.1.
The original compression ratios ranged from 12:1 to 22:1. For 
this program a steel plate and annealed copper gaskets were inserted 
between the cylinder head and the block to reduce the compression 
ratio range to between 8.6:1 and 12:1. An SU carburettor was fitted 
in the air inlet duct together with an electrical heating element to 
avoid icing in the carburettor; the enthalpy of vaporisation of 
methanol being high at 1105 kJ/kg. Noguchi et al (4) reported that 
tests on a Toyota divided chamber engine indicated the optimum 
position for the spark plug as in the neck of the turbulence 
generating prechamber. This position enabled stable operation to be 
extended further into the lean burning regime. The cylinder head 
geometry of the Farymann engine precluded optimisation of the spark 
plug position and it was fitted into the original tapping for the 
injector with a threaded sleeve. The mixture velocities in the neck
oOf
of the pre-chamber were considerably higher than those for the 
Toyota engine because of the larger pre-chamber/swept volume 
ratio. In terms of the non-dimensional parameters for pre-chamber 
designs:
k - area x cylinder bore
pre-chamber volume
for the Toyota engine k = 1.85 whereas for the Farymann engine 
k = 0.36.
Air flow was measured by means of a 25 mm diameter orifice 
plate fitted into the side of a plenum chamber to reduce the effects 
of pulsating flow with a single cylinder engine. The orifice 
calibration was
2 ,_____
m = 0.0238 x d / Ap p kg/h
where d = orifice diameter in mm
Ap = orifice pressure difference rabar 
p = inlet air density kg/m 
Fuel flow was measured by use of a burette, with 15 ml and 
30 ml calibrations, fitted into the fuel supply line. A swinging 
arm dynamometer and associated bank of resistors were used to load 
the engine. Rotational speed was measured with a counter timer from 
the camshaft encoder pulses.
Following conversion to a carburetted spark-ignition engine 
baseline performance tests were undertaken using 4-star petrol.
These tests were conducted with a fixed air flow and the spark 
timing was adjusted to give minimum spark advance for best torque 
(MBT). The mixture strength was varied between the rich and lean 
misfire limits for compression ratios in the range 7.8:1 to 12:1.
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The engine was run at the following baseline condition:
Fuel
Speed
Air flow
Ignition timing
Air inlet temperature
Cooling water inlet temperature
outlet temperature
4-star petrol
1100 rev/min
26.2 lb/h
MBT
60°F
120°F
150°F
Test results are at appendix Cl.
The performance map indicates clearly the wide range of 
equivalence ratios over which stable operation was possible. It was 
possible to reduce the air/fuel ratio to about 18:1 for maximum 
economy at the highest compression ratio of 12:1. The highly 
turbulent spherical pre-chamber was well suited to lean burning 
operation with high compression ratios.
3.3 Petter Engine
Whilst the compression ratio may be varied easily in the 
divided chamber Faryraann engine, changes in the combustion chamber 
geometry are only facilitated by manufacturing alternative cylinder 
heads. This is a complex procedure involving added expense. With a 
direct injection open chamber engine different combustion chamber 
designs may be incorporated in the crowns of blank pistons. An open 
chamber engine, a Petter BA1 air-cooled diesel, was therefore 
converted to a carburetted, spark-ignition engine to complement the 
divided chamber engine tests. The modifications made were:
a) Placing shims between the cylinder barrel and the crank case 
to vary the compression ratio.
b) Increasing the length of the push rods to accommodate a) 
above.
c) Fitting an SU constant vacuum air valve carburettor to 
replace the direct fuel injection equipment.
d) Installing a crankshaft driven opto-electronic encoder to
trigger an electronic ignition system and to provide crank 
angle signals for instrumentation.
e) Machining the head to fit a spark plug and a piezo-electric 
pressure transducer.
f) Machining different combustion chambers in the crowns of 
blank pistons.
Two designs of combustion chamber have been employed to date; a 
disk chamber between the flat cylinder head and a flat piston crown, 
and a turbulent chamber in which an offset cylindrical recess was 
machined into the piston crown directly under the exhaust valve.
The latter design was thought to give some of the benefits claimed
by May (3) for the Fireball chamber but without the complexity of a 
recessed valve chamber in the head. In each design the inlet valve 
was masked and the port designed to give the inlet mixture swirl.
The turbulent design of chamber in the piston is shown in 
figure 3.3.
The engine was installed on a test bed to drive a water 
dynamometer. The torque developed was measured by means of a strain
gauged proof ring fitted to a swinging arm on the dynamometer. A
viscous air flow meter and a fuel metering burette were fitted.
bO•H
P4
3.4 Ignition System
An opto-electronic encoder was fitted to the camshaft of the 
Farymann engine to provide BDC and camshaft degree pulses to the 
ignition timing interface and data acquisition interface. The TTL 
interfaces, shown schematically in figures 3.4 and 3.6, were 
designed and built by the author, to trigger a proprietary 
electronic ignition unit and to synchronise the acquisition of the 
pressure readings to crank angle position. Monostables were used to 
generate crank angle degree pulses from the positive and negative 
going edges of the camshaft encoder degree pulses. The ignition 
discharge was timed by counting down from the camshaft BDC pulse, 
through a pre-set number of crank shaft degrees with programmable 
down counters; switches being used for ease of varying ignition 
timing during running to set the requisite degrees of crank shaft on 
the downcounters. The ignition pulse length could be varied by use 
of a similar system of downcounters which were enabled by the 
positive going edge of the ignition pulse.
In the case of the Petter engine the opto-electronic encoder 
was fitted to the crankshaft thereby producing °CA signals without 
the need to incorporate the multiply-by-two circuit.
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3.5 Data Acquisition Systems
Cylinder pressures were measured at each degree of crank angle 
using a Kistler 7055B piezo-electric pressure transducer which was 
fitted into the face of the contra-piston. A 5077 charge amplifier 
was used to provide a 0-10 V analogue signal directly calibrated in 
bar/volt from the transducer signal. Initially financial 
considerations limited the choice of data acquisition system to one 
available within the department, a Datalab Transient Recorder. The 
analogue signal was converted into a 10-bit digital signal in the A 
to D converter of the recorder for storage in memory and subsequent 
transmission via paper tape to the University’s Prime mainframe 
installation for reduction using the engine computer model. The 
acquisition and ignition systems are shown schematically in 
figure 3. 5. As the memory available was limited to 4K a second 
electronic interface was designed and built, figure 3.6, to enable 
the transient recorder at 120° BTDC and to disable it at 120° ATDC 
on firing strokes. The data recorded was thereby maximised at 16 
consecutive cycles. TTL signals were provided from this interface 
to:-
a) Arm the recorder.
b) Trigger the recorder on receipt of next BDC pulse.
c) Enable the sample gate.
d) Advance data acquisition at each °CA.
e) Disable sample gate after receipt of 241 readings.
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In October 1984 a microprocessor based data acquisition system 
based on a Z80A central processor unit and a dual 5^4" , 700 kByte 
floppy disk unit was installed. Currently an 8-bit A-to-D converter 
is in use although it is planned to use a 12-bit A-to-D to provide 
the definition required. The data acquisition software was written 
in microsoft Macro-80 with a supporting CP/M operating system to 
provide the following facilities.:
a) Return to CP/M,
b) Display disk directory,
c) Display data in memory,
d) Erase files,
e) Help,
f) Initialise the acquisition system,
g) Kill data in memory,
h) Size maximum population,
i) Monitor A-to-D converter,
j ) Quit DAS,
k) Sample data,
1) Write data to disk file.
This system will acquire 55 782 readings which, as currently 
configured, is 77 consecutive cycles. File transfer packages are 
available to transfer data, via a V24 to current loop interface, 
from floppy disk storage to the University’s Prime mainframe 
computers for subsequent analysis. The system is shown 
schematically in figure 3.7.
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4 DATA REDUCTION
The digital values recorded from the A to D converters of 
either data acquisition system were transferred to the Prime 
mainframe computer and reconstituted as pressure readings using a 
short Fortran IV program. In the case of the transient recorder 
used initially this data was transferred in the form of paper tape 
whereas direct file transfer via a current loop was utilised with 
the microcomputer acquisition system. In the latter case data was 
transferred in binary and the program CONVERT. CC was used to convert 
the binary data to real values before reconstituting the pressure 
readings. The engine pressure crank angle data for each individual 
cycle was stored on magnetic disk for subsequent reduction using the 
diagnostic computer models of combustion. The software in both 
diagnostic models outputs the derived combustion performance 
parameters to plot files for subsequent plotting of pressure-crank 
angle and combustion performance diagrams for each individual cycle 
analysed. In the case of the pressure analysis technique, the 
cumulative pressure rise, at constant volume, from combustion and 
the incremental rise in this pressure over each degree of crank 
angle are plotted. For the equilibrium analysis, the corresponding 
curves plotted are the cumulative mass fraction burnt and the mass 
burning rate, expressed as the mass fraction burnt at each degree of 
crank angle. Both programs also yield basic data on combustion 
performance, namely the maximum cycle pressure and the crank angle 
at which this occurred.
4.1 Statistical Analysis
Cycle-to-cycle variations in combustion occur in reciprocating 
engines particularly when operating in the lean burning regime. 
Typical pressure-crank angle data recorded for the combustion of 
methanol in engine I at a compression ratio of 9:1 with equivalence 
ratios varying from 0.8 to 0.6 are shown in figure 4.1. The cyclic 
variations in maximum cylinder pressure increased significantly as 
operation in the lean burning regime was extended below an 
equivalence ratio of 0.8. Stable operation was not possible with 
equivalence ratios below 0.7. The use of ensemble averaged data, 
whilst economic in computational time, provides only mean values of 
the combustion performance parameters listed in table 1.2. This
method is restrictive in that information on cycle-to-cycle 
variations which affect the stability of operation are not 
evaluated. Combustion ]parameter's were, therefore, computed for 
each individual cycle recorded at intervals of 1°CA. Ideally a 
large number of consecutive cycles, of the order of 100, should be 
acquired to provide a statistical sample in view of the large cycle- 
to-cycle variations that occur. The data acquisition system 
available for the major part of this programme severely restricted 
the number of consecutive cycle acquired for analysis even with the 
use of the optimising interface. With the microcomputer acquisition 
system subsequently installed it was possible to record 77 
consecutive cycles but computation time using the Prime timesharing 
system became prohibitive with the equilibrium analysis technique.
Mean and standard deviation values of each combustion 
parameter, together with the corresponding values of crank angle, 
were, therefore, calculated from the analysis of the individual 
cycles acquired in each test at a specified equivalence ratio.
Cycle-to-cycle variations in the parameters evaluated were 
quantified as cyclic dispersions. For example the cyclic dispersion 
in maximum cycle pressure was defined by the ratio of the standard 
deviation to the mean value of maximum cycle pressure, viz
pmax
The sample size, 16 in the case of the Datalab transient recorder, 
is small and considerably narrower than the population. Estimates 
of population parameter standard deviations from that of the samples j 
would therefore be too small. The sample variance is a fraction 
(n - l)/n of the population variance. Thus standard deviations of 
each parameter have been computed using small sample theory:-
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4.2 Pressure Analysis
The reduction of data using the pressure analysis technique is 
illustrated below for engine II fitted with the compact combustion 
chamber operating at the following conditions:-
The facility to print out cylinder pressure, volume, pressure 
rise owing to piston motion, incremental combustion pressure rise, 
cumulative combustion pressure rise and the normalised cumulative 
combustion pressure rise at each degree of crank angle is 
provided. Normally this print out facility is restricted to the 
first cycle only.
The combustion parameters printed for each individual cycle are 
typified by the extract below for this test.
cycle number 8
o
maximum cycle pressure 752.3 lbf/in at 9°CA
maximum pressure rise rate 244.9 lbf/in °CA at 8°CA
normalised pressure rise 0-1% 2°CA
Table 4.1 Engine II Operating Conditions
Engine
Combustion chamber 
Fuel
Petter
Compact in piston 
iso-octane 
10:1
1500 rev/min 
2. 90 kW 
10° BTDC 
43.9 lb/h
0.93
Compression ratio 
Speed
Brake power 
Ignition timing 
Air flow
Equivalence ratio
0-50% 18°CA
0-90% 19°CA
The statistical analysis of the individual cycles is printed in 
the form of a short summary:
Short Summary 
Run Number Y10M0012
Maximum pressure mean 717.4 crank angle mean 11.2
(lbf/in2) SD 127.0 (°ATDC) SD 7.08
Maximum pressure rate mean 202.9 crank angle mean 10.4
(lbf/in2 °CA) SD 42.2 (°ATDC) SD 7.00
0-1% burn time mean 0. 189
(ms) SD 0.105
0-50% burn time mean 2.200
(ms) SD 0. 744
0-90% burn time mean 2.344
(ms) SD 0. 756
The pressure-crank angle data input and the computed combustion 
pressure rise at constant volume together with the associated rate 
of pressure rise for each degree of crank angle were plotted on the 
Calcomp plotter for each individual cycle. An extract from the 
graphical output for this test is shown in figure 4.2 for cycles 1-4.
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4.3 Equilibrium Analysis
Reduction of experimental data using the equilibrium analysis 
program is illustrated below for engine III running at the following 
operating point:-
The properties of the unburnt and burnt gases are printed out 
initially for cycle 1 at each degree of crank angle; namely cylinder 
pressure, unburnt gas temperature, burnt gas temperature, mass 
burnt, cylinder volume, burnt gas volume and the mass fraction 
burnt. Subsequently the output is restricted to the mass fraction 
burnt, mass burning rate, the laminar flame speed, flame propagation 
speed, turbulence flame speed and adiabatic flame temperature, at 
each degree of crank angle after the ignition point, for each cycle 
analysed. The maximum cycle pressure and maximum mass burning rate, 
together with the associated crank angle and the rotation in crank 
angle for 0-10% and 0-50% mass burnt are evaluated for each 
individual cycle for the subsequent statistical analysis. This is 
presented in the form of a short summary:-
Table 4.2 Engine III Operating Conditions
Engine
Combustion chamber 
Fuel
Compression ratio 
Speed
Brake power 
Ignition timing 
Air flow
Equivalence ratio
Ricardo (BP) 
disc
iso-octane
9:1
1010 rev/min 
2.25 kW 
15° BTDC 
32.4 lb/h 
0.83
Short Summary 
Run Number SU-10
Maximum pressure mean 291.3 crank angle mean 27.8
(lbf/in2) SD 32.1 (°ATDC) SD 15.5
Maximum mass burnt mean 82.8
(%) SD 1.6
Max. burning rate mean 2.48 crank angle mean 31.8
(%/°CA) SD 0.23 (°ATDC) SD 5.4
0-1% burntime mean 3.67
(ms) SD 0.27
0-10% burntirae mean 5.86
(ms) SD 0.47
0-50% burntime mean 9.04
(ms) SD 0.76
Figure 4.3 shows the pressure-crank angle data recorded for the 
first 16 cycles of test number SU-10 and figure 4.4 the typical 
computed burning curves for individual cycles 2,6,7 and 10 derived 
using'the equilibrium analysis program.
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4.4 Engine Combustion Models Validation
Cylinder pressure data were kindly supplied by BP Research 
Centre from their Ricardo E6 variable compression engine for 
validation of the two engine combustion models. These data were 
preferred for this purpose because of the quality of the 
instrumentation and data acquisition system at BP. Further the 
engine was fitted with a vapour generator to ensure good mixing of 
the fuel and air. Excess mixture generated was burnt off in an 
external flare. The engine was run at near stoichiometric 
conditions to reduce the possibility of partial burning cycles. The 
operating point was:
Table 4.3 Operating-Conditions
Fuel iso-octane
Compression ratio 8.55:1
Speed 1001 rev/min
Air flow 29.3 lb/h
Fuel flow 2.16 lb/h
Ignition timing 16° BTDC
Cycle 51 of test run T8 was selected for validation purposes. 
The pressure-crank angle data input into the pressure analysis model 
and the resulting cumulative combustion pressure rise at constant 
volume derived are shown in figure 4.5 (a). The combustion pressure 
rise was normalised on the premise that combustion was complete when 
the incremental combustion pressure rise became negative at 26°CA. 
Subsequent positive increments resulted in a normalised combustion 
pressure rise at constant volume greater than unity. The 
corresponding mass fraction burnt curve computed using the 
equilibrium model for cycle 51 is shown in figure 4.5(b). This 
technique indicated a total mass fraction burnt of 0.95; a value 
which was considered to be realistic as quenching does occur when 
flames impinge on cylinder walls and small volumes of mixture are 
trapped particularly in the space between the piston and the 
cylinder walls above the top ring.
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Comparisoni of figures 4.5(a) and figures 4.5(b) shows a marked 
degree of agreement. The angle of rotation between spark discharge 
and a "mass fraction" of 0.1 burnt as computed by both techniques is 
within the sensitivity of the shaft encoder, i.e. 1°CA. The angles 
of rotation for the period during which the "mass fraction" burns 
from 0.1 to 0.9 were identical using both models.
Table 4.4 Comparison of engine combustion models
Model Equilibrium Analysis Pressure Analysis
Parameter
0-0.1 "burnt" 19° CA 18° CA
0.1-0.9 "burnt" 19° CA 19°CA
A further evaluation test of the equilibrium analysis model was 
undertaken using pressure data from the BP Ricardo engine when 
motored at 1009 rev/min to estimate possible errors in the computed 
mass fraction burnt at each degree of crank angle. The pressure 
data input into the program is shown in figure 4.6(a) and the 
resulting derived mass fraction burnt at each degree in 
figure 4.6(b). The results obtained indicated a possible error in 
the computed mass burning rate of less than +_ 0.3% per degree of 
crank angle.
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4.5 Comparison of Diagnostic Models
A commercially developed software package using the Rassweiller 
and Withrow pressure analysis technique (20) is used at BP Research 
Centre for evaluation of combustion chamber designs and alternative 
fuels. A Hewlett Packard mini-computer with magnetic disc storage 
facilities is used for data acquisition and data reduction. Data 
acquired from 8 tests on their Ricardo engine using this sytem was 
transferred on magnetic tape to the University's Prime system for 
comparative purposes. Two different combustion chamber geometries, 
a simple disc chamber and a turbulence generating bowl, machined 
into the piston crown, were used. Tests were undertaken, both with 
and without imparting swirl to the mixture motion, at MBT timing and 
with knock limited timing. Swirl was induced by fitting a shrouded 
inlet valve. The compression ratio was fixed at 10:1 throughout the 
comparative tests. Iso-octane was selected as the test fuel since 
the thermochemical properties are well specified. The operating 
conditions and combustion performance parameters derived from the 
statistical analysis using both diagnostic engine combustion models 
are given in appendix C2.
The cumulative combustion pressure rise may be considered to be 
synonymous with the mass fraction burnt where combustion is complete 
before the exhaust valve opens. In fact the analysis derived by 
Rassweiller and Withrow (10) from their observation of engine flames 
using high speed photography is based on the premise of combustion 
being complete when incremental rises in pressure owing to 
combustion become negative. The mass fraction burnt, as derived 
from the equilibrium model, is compared in figure 4.7 with the 
cumulative combustion pressure rise derived from the pressure 
analysis. For both MBT timing and knock limited timing there is an 
indication of a correlation between these two combustion performance 
parameters. However, the predicted mass fraction burnt in both 
series of tests did not reach unity and the fundamental premise of 
complete combustion may be questioned. It is considered preferable 
to quote the actual value of cumulative combustion pressure rise in 
tests comparing different combustion chamber designs and alternative 
fuels.
The rate of change of combustion pressure, albeit expressed in 
terms of crank angle rotation, is compared with the derived mass 
burning rate in figure 4.8. Both actual values and a normalised 
form, derived from the total cumulative pressure, rise are shown.
The actual rate of combustion pressure rise may be considered to be 
a good indicator of burning rate. Normalised values derived from 
the pressure analysis technique, however, overpredict burning rates 
due to the existence of partial burning cycles.
The analyst is concerned with quantifying the period of initial 
flame establishment in addition to deriving burning rates. The 
times elapsed between spark discharge and 10% of the cumulative 
combustion pressure rise are plotted to a base of the corresponding 
time to 10% of the mixture burnt from the equilibrium analysis in 
figure 4.9. The equivalent graph for the 0-50% "burning" period is 
shown in figure 4.10. Although a degree of correlation between the 
two analysis techniques exists, the interval evaluated using the 
pressure analysis model predicts shorter elapsed times for both 
parameters. The differences between these parameters as evalued 
using both analysis techniques is shown schematically in figure 
4.11. The differences arise primarily due to incomplete combustion 
and normalisation of the mass fraction evaluated using the 
equilibrium analysis would lead to a direct comparison of combustion 
parameters.
An overall comparison of the effects of increasing turbulence 
and incorporating swirl on "burning" rates, as evaluated using both 
diagnostic methods, indicates the increases in burning rate and the 
reductions in the flame establishment period (here shown as 0-10%) 
possible. The pressure analysis technique predicts lower flame 
establishment periods and higher maximum "burning" rates.
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4.6 Influence of Heat Transfer Coefficient
Amongst the criticisms that may be levied against using the 
computational demanding equilibrium analysis model in preference to 
the pressure analysis technique are the need for accurate 
thermochemical data on fuels and the requirement to model heat 
transfer between zones and cylinder walls. In this application heat 
transfer rates have been evaluated using the empirically derived 
relationship of Woschni (12) in which the heat transfer coefficient 
is specified by the equation
The sensitivity of the model to heat transfer was examined 
using the data of test BIP293 by varying the heat transfer 
coefficient from about -20% to +35%,
i.e. j 90 < C < 150 (kcal, m, h, K, units) . The resulting values of 
total mass fraction burnt, maximum mass burning rate, 0-10% and 
0-50% mass burning times for each value of heat transfer coefficient 
are shown plotted in figure 4.13.
The results obtained indicate that the equilibrium analysis 
technique is relatively insensitive to variations in the heat 
transfer rate.
2.31
The value of the constant C being given as
C = 110 (kcal, m, h, K, units)
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4.7 Summary
The comparisons made between the two modelling techniques 
indicate that both may be used relatively inexpensively to predict 
combustion chamber performance parameters from readily acquired 
cylinder pressure data. There is no requirement for modifications 
to the combustion chamber geometry to accommodate the technique 
utilised. The pressure analysis technique is not demanding in 
computational power and is eminently suitable for use on-line on the 
micro or mini-computer systems used primarily for data 
acquisition. The equilibrium analysis technique is more 
comprehensive and more demanding in computational time. This model 
is more suitable for use on mainframe computers. The latter model 
also provides information on gas temperatures, gas velocities and, 
product and reactant species in the two zone model. Where 
combustion is near stoichiometric and cycle-to-cycle variations are 
small the pressure analysis derives performance parameters 
comparable with those from an equilibrium analysis. Where partial 
burning cycles occur, however, the former technique over-estimates 
"burning" rates through assuming that combustion is complete at the 
maximum value of the cumulative combustion pressure rise.
5 COMBUSTION ANALYSIS
The performance of the divided combustion chamber of the 
Farymann engine with lean methanol mixtures was studied using the 
equilibrium theory diagnostic model, in a series of tests at 
compression ratios of 9:1 and 11:1. The results were compared with 
base-line tests using iso-octane at a compression ratio of 9:1. The 
mixture strength was weakened from stoichiometric to the lean 
mixture limit. The engine speed, air flow and ignition timing were 
maintained constant at 1000 rev/min, 26.2 lb/h and 15°BTDC 
respectively. The test results are listed in appendicies C3 and C4.
5.1 Cycle-to-Cycle Variations
Cycle-to-cycle variations in combustion may significantly 
affect the smooth running of internal combustion engines and as a 
direct consequence the driveability of vehicles. These variations 
become more prevalent when operating with lean mixtures.
Equivalence ratios may be weakened to values between 0.8 and 0.6 
depending on the design of combustion chamber and fuel used before 
cyclic variations limit stable operation. Quader (5) established 
that either misfiring or low burning rates, which are too slow to 
facilitate complete combustion of the charge before the exhaust 
valve opens, limit stable operation in the lean burning regime.
The influence of the equivalence ratio on maximum cycle 
pressure for both methanol and iso-octane fuels is shown in 
figure 5.1. The extent of cycle-to-cycle variations in maximum 
cylinder pressure is shown as a cyclic dispersion. Generally with 
methanol fuel the maximum cylinder pressures were about 25% higher 
and it was possible to extend operation further into the lean 
burning regime before misfiring and partial burning cycles limited 
stable running. For the base-line fuel, iso-octane, the cyclic 
dispersion increased from about 4% with stoichiometric mixtures to 
over 30% with equivalence ratios of less than 0.85. Below this 
value of equivalence ratio it became increasingly difficult to 
control the engine speed. Stable operation with iso-octane was not 
considered possible with equivalence ratios below about 0.9. With 
methanol the up-turn in cyclic dispersion did not occur until the
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variations in maximum cycle pressure
mixture strength was weakened below an equivalence ratio of 0.8 at 
the corresponding compression ratio of 9:1. The cyclic dispersion 
at this equivalence ratio was about 6%. Increasing the compression 
ratio from 9:1 to 11:1 resulted in a significant improvement in the 
stability of operation in the lean burning regime. Maximum cylinder 
pressures were consistently higher and low cyclic dispersions in 
maximum cylinder pressure were maintained at a value about 5% as the 
mixture strength was reduced to an equivalence ratio of 0.65.
Comparisons of the lean burning potential of alternative fuels 
and/or different designs of combustion chamber may be made by 
examining the cumulative mass fraction burnt and mass burning rate 
curves for individual cycles. Typical curves for the combustion of 
a lean iso-octane mixture, at an equivalence ratio of 0.71, in the 
divided chamber engine are shown in figure 5.2.
t-930*/3iva ONiNane ssvu !-930>.'3JLVy 9NlN»nQ ssvu
ID
©
©r>
©
©
CM ©©© ©
OUJ
Q
\
UJ
_J
ID
2
<
V2
<O'u
©
CM
©
CM ©©©
o
UJ
Q
\
UJ
_Jo
2
<
V
2
<OC
<_J
iN « n a  N0I19V«3 ssvu iuyne NOiiDv^d ssvu
. i-930^/3ivy 9NiNyns ssvu 
©
—  ©to
©
CM
©
©
CM
©
©
©
©
©
©
©
©
iNana Nouovaj ssvu
. l-930*/3JLVy 9NINtfna ssvu 
©— ©
©©
©
©
©
©
©
©
©
©
©
©
©
©
CM
iNana noiidvhj s s v u
Fig
 
5.2
 
Ty
pi
ca
l 
bu
rn
in
g 
cu
rv
es
These cycles exhibit the characteristic features identified by 
Peters (6) in his study of the combustion of methane in the partial 
burning regime. The individual cycles may be classified into 5 
categories:
Type A Cycles
Normal combustion, characterised by a high mass fraction burnt 
early in the cycle, a high maximum mass burning rate and a short 
period between spark discharge and the establishment of the flame 
kernel.
Type B Cycles
Combustion over a longer duration than that in a type A cycle at 
a lower mass burning rate. The mass fraction burnt when the exhaust 
valve opens is high.
Type C Cycles
Here partial burning occurs at a low burning rate and the flame 
is extinguished before the exhaust valve opens. In this example 
combustion is terminated about 40°ATDC.
Type D Cycles
A second form of partial burning cycle in which the 
establishment of a flame kernel takes a relatively long time. This 
results in a long delay period and subsequently extremely low 
burning rates. Flame propagation may still be in progress and 
combustion incomplete when the exhaust valve opens in this type of 
partial burning cycle.
Type E Cycles
Misfires resulting in 8-stroking constitute the final type of 
cycle identified.
The analysis of 200 individual cycles with low equivalence 
ratios, shown in table 5.1, indicates the incidence of these cycle 
types with methanol and iso-octane.
Table 5.1 Incidence of Cycle Types
Fuel
Compression ratio 
Equivalence ratio 
Number of cycles
iso-octane
9:1
0.75-0.85
64
methanol
9:1
0.60-0.75
88
methanol
11:1
0.61-0.81
48
A 25.0 39.8 33.4
Percentage B 37.5 30.7 66.6
of C 0 5.7 0
cycle types D 12.5 11.4 0
E 25.0 12.4 0
The improvement in lean burning operation with methanol, reported 
previously from the analysis of the cycle-to-cycle variations in 
maximum cycle pressure, is supported by the reduced incidence in 
misfiring at equivalence ratios lower than those for iso-octane.
The incidence of partial burning cycles at the lower compression 
ratio of 9:1 with methanol (type C and D cycles) was higher than 
that identified for iso-octane. The range of mixture strengths was 
however leaner with methanol. Increasing the compression ratio to 
11:1 resulted in no misfiring or partial burning as the equivalence 
ratio was reduced to 0.61. The lean burning characteristics were 
thus enhanced by increasing the compression ratio.
The type E, or misfire, cycle leaves unburnt residual gases in 
the cylinder and spherical prechamber thereby causing an enrichment 
of the mixture for the following cycle. This was substantiated by 
the high incidence of normal combustion cycles, type A and type B, 
that occurred immediately following a misfire. The resulting effect 
of a misfire followed by normal combustion with a richer mixture was 
to increase maximum cycle pressures and burning rates. Cycle-to- 
cycle variations were thereby increased and the problems of stable 
operation exacerbated.
5.2 Influence of Equivalence Ratio on Maximum Burning Rate
Mean values of the maximum mass burning rate were calculated 
from the analysis of consecutive cycles, using the equilibrium 
theory model, at each equivalence ratio tested. The influences of 
fuel type and equivalence ratio are shown in figure 5.3. Cycle-to- 
cycle variations in the maximum mass burning rate are indicated in 
the graphs in the form of standard deviations plotted as bars 
superimposed on the mean values.
At the lower compression ratio of 9:1, higher maximum burning 
rates were achieved using methanol; about 7%/°CA with stoichiometric 
mixtures compared to 6%/°CA for iso-octane. As the mixture strength 
was weakened the maximum burning rates decreased for both fuels; to 
about 2%/°CA for methanol at an equivalence ratio of 0.65 and 3%/°CA 
for iso-octane at the limiting equivalence ratio of 0.75. This 
reduction in burning rate with lean mixture strengths demonstrates 
the need to improve burning rates by increasing turbulence levels 
and reducing flame travel with compact combustion chambers for lean 
burning operation. Although maximum burning rates decreased as the 
air/fuel ratio was increased the higher maximum burning rates 
obtained with methanol were consistently maintained throughout.
With methanol it was possible to operate further into the lean 
burning regime.
Increasing the compression ratio to 11:1 with methanol resulted 
in reduced maximum mass burning rates at the higher equivalence 
ratios. The rate of decrease in the maximum burning rate with 
increasing air/fuel ratios was however not as rapid at the higher 
compression ratio. At the limit of lean burning operation the 
maximum burning rate was comparable with that at the lower 
compression ratio of 9:1, about 2%/°CA. Poor carburation and 
manifold distribution which result in variations in mixture strength 
would therefore not be so marked in high compression engines burning 
methanol.
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5.3 Influence of Equivalence Ratio on Flame Establishment Period
The influence of equivalence ratio and fuel type on the period 
between spark discharge and the establishment of the flame kernel, 
here defined by a mass fraction of 1% of the mixture burnt, is shown 
in figure 5.4. With stoichiometric mixtures the period of flame 
kernel establishment for methanol was about \ that for iso-octane; 
about 1ms and 2ms respectively. This corresponds to 6°CA and 12°CA 
at the engine speed of 1000 rev/min. Leaning the mixture produced a 
longer period of flame establishment; the effect being less marked, 
however, with methanol than with iso-octane due to the faster 
burning characteristics of methanol. At an equivalence ratio of 
about 0.75 the flame establishment period increased significantly 
when burning methanol at a compression ratio of 9:1. Increasing the 
compression ratio with methanol fuel had little effect on this 
period of flame establishment at the higher equivalence ratios. The 
equivalence ratio could be reduced to about 0.62 before the upturn 
in the flame establishment time occurred. The advantages derived 
from using a high compression ratio for lean burning engines thus 
includes the maintenance of a short period of flame establishment 
over a wider range of equivalence ratios in the lean burning 
regime. The spark advance for best torque can therefore be reduced 
over the entire operating range and ignition may be initiated closer 
to top-dead-centre with correspondingly high unburnt gas 
temperatures.
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5.4 Influence of Flame Establishment Period on Maximum Burning Rate
The period between spark discharge and establishment of a 
propagating flame kernel has a marked effect on the subsequent 
burning characteristics. The influence of this period on maximum 
cycle burning rates for methanol fuel is shown in figure 5.5 
(a and b). The maximum burning rate for individual cycles is 
plotted against the crank angle rotation from spark discharge to 1% 
burnt. Each cycle has been identified and categorised by type of 
burning curve.
The high maximum burning rates with associated complete 
combustion resulted from short periods of flame establishment.
Conversely long periods of flame establishment gave rise to low 
burning rates and partial burning cycles. The initial development 
of the flame kernel was more rapid with methanol mixtures than with 
iso-octane and maximum cycle burning rates were correspondingly 
higher. A simple power law relationship was used to model the 
relationship between maximum burning rate and the flame 
establishment period. The constants A and index b of the 
relationship
b 5.1
have been evaluated from the experimental results for this 
particular turbulence generating pre-chamber burning methanol at 
compression ratios of 9:1 and 11:1.
Table 5.2 Maximum Burning Rate Power Law Constants
Fuel Compression Constant Index
ratio A b
Methanol 9:1 30 -0.75
Methanol 11:1 145 -1.5
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5.5 Influence of Combustion Chamber Geometry
The influence of different designs of combustion chamber may be 
readily evaluated using this modelling technique. The effectiveness 
of the turbulence generating pre-chamber of engine I in reducing the 
period of formation of the flame kernel and in increasing burning 
rates in the lean burning zone may be seen in a comparison made with 
results from BP's E6 engine (Table 5.1). At an equivalence ratio of 
about 0.8 the period from spark discharge to a mass fraction burnt 
of 0.1 was reduced by about 18%. This reduction may be attributed 
to the action of the highly turbulent flow in the spherical pre­
chamber. This would in effect reduce the spark advance required for 
best torque and aid establishment of the flame kernel as the unburnt 
gas temperature would be higher at the ignition point. The high 
rate at which unburnt gas was entrained into the expanding flame 
front through use of the swirl pre-chamber also resulted in a 
significant increase of about 42% in the maximum mass burning rate.
Table 5.3 Comparison of Pre-chamber and Standard Chamber Results
Engine Farymann Ricardo
Combustion chamber type spherical 
pre-chamber
cylindrical open
Compression ratio 9.0 9.0
Speed rev/min 1000 1009
Ignition timing °BTDC 15 15
Fuel iso-octane iso-octane
Air Flow kg/h 11.9 14.7
Equivalence Ratio 0.845 0.830
Delay (0-10%) °CA 29.0 35.5
Maximum burning rate %/°CA 3.53 2.48
The influence of combustion chamber geometry on combustion 
characteristics is further exemplified by a comparison of a standard 
cylindrical combustion chamber and a highly turbulent bowl machined
into the piston crown taken from engine III. Additionally for both 
designs, the influence of introducing swirl into the mixture at 
inlet, through use of a shrouded inlet valve, was evaluated using 
the equilibrium model. The derived maximum burning rates are shown 
plotted to a base of the time taken from ignition to a mass fraction 
of 0.1 burnt in figure 5.6. The maximum burning rate was about 44% 
higher with the increased turbulence of the bowl-in-piston design 
when the standard inlet valve was used. The 0-10% burn time was 
correspondingly reduced by 5.4%. The addition of inlet swirl at the 
inlet valve reduced the 0-10% burn time substantially in both 
designs; by 33% and by 19% for the standard combustion chamber and 
bowl-on-piston design respectively. The addition of the shroud to 
the inlet valve further increased the maximum burning rate for both 
designs; by 80% for the disc chamber and 34% for the bowl-in-piston.
Engine ill 
MBT tim ing 
Compression ratio 
Iso—octane 
Speed 1000 re v /m in
© disc
A bowl in piston
10:1
o -4*
0 — 10% burn tim e /  ms
Fig 5.6 Influence of c o m b u s t i o n  c h a m b e r  g e o m e t r y  
o n  c o m b u s t i o n  p e r f o r m a n c e
5.6 Compact Combustion Chamber Design
The compact combustion chamber machined into the piston crown 
and fitted in engine II produced detonation with both methanol and 
iso-octane over the range of air/fuel ratios tested at compression 
ratios of 12:1 and 10:1. The compact combustion chamber was located 
under the exhaust valve and surface ignition in this high 
temperature region may have induced high burning rates and 
;detonation^ Methanol is particularly prone to surface ignition. 
Typical pressure-crank angle diagrams exhibiting detonating cycles 
are shown in figure 5.7. The fuel used in this test Y10M100/12 was 
methanol at an equivalence ratio of 0.895 and a compression ratio of 
10:1. The high rate of change of cylinder pressure, of the order of 
500 lbf/in CA in some cases, resulted in failure of the equilibrium 
theory diagnostic model. The relatively large interval in crank 
angle used for each iteration (1°CA) together with the rapid rise in 
cylinder pressure yielded excessively high unburnt and burnt gas 
temperatures which exceeded the limits of the property tables in 
subroutines PER and PR0PCH. Development work with smaller iteration 
intervals and an improved prediction technique is needed to enable 
this diagnostic model to analyse detonating cycles. The pressure 
analysis model of Rassweiler and Withrow was therefore applied in 
the evaluation of this compact combustion chamber. Typical rate of 
change of combustion pressure at constant volume curves and the 
associated integral curves of the cumulative combustion pressure 
rise at constant volume are shown in figure 5.7. The results of 
this analysis are tabulated in appendix C3.
The rate of change of combustion pressure at constant volume is 
used as an indicator of mass burning rates. The graphs of this rate 
of change in combustion pressure in figure 5.8, may therefore, be 
considered to be representative of the influence of the equivalence 
ratio and fuel type in this particular combustion chamber on maximum 
burning rates. Throughout the equivalence ratio range tested the 
maximum "burning" rates achieved with methanol are consistently 
higher than those with iso-octane. Operation of the engine, albeit 
unstable with a high incidence of detonating cycles, was possible 
further into the lean burning regime with methanol. As was the case 
with the divided chamber engine the equivalence ratio could be
reduced to about 0.6 with methanol. It was possible however to run 
the compact combustion chamber at lower equivalence ratios with iso­
octane than was the case with the divided chamber.
Definition of a period of flame development by the interval 
between spark discharge and 1% of the normalised combustion pressure 
rise at constant volume appeared to give results that conflicted 
with those on the influence of this "delay" period on subsequent 
maximum burning rates derived from tests on engine I. The longer 
periods between spark discharge and 1% of the normalised pressure 
rise yielded higher rates of combustion pressure rise. This 
apparent contradiction may be attributed to the fact that 1% of a 
cumulative combustion pressure rise of 100 lbf/in is 10 times less 
than that for a rise of 1000 lbf/in and that with partial burning 
cycles this parameter does not equate to 1% of the mixture burnt.
The effects of surface ignition in high temperature regions in 
the combustion chamber could be reduced by relocating the compact 
chamber under the inlet valve. Turbulence and swirl velocities 
would be maintained whilst gas temperatures would be reduced by 
relocation of the chamber.
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5.7 Summary
Combustion rates are higher when methanol is used as a fuel and 
the incidence of cycle-to-cycle variations in combustion is 
reduced. Stable operation may be extended further into the lean 
burning regime with methanol. The decrease in burning rates as the 
mixture strength is leaned is not as rapid with higher compression 
ratios and poor carburation would, therefore, not have so marked an 
effect in high compression lean burning engines.
Individual cycles may be classified into 5 distinct types which 
include partial burning with flame extinction before the exhaust 
valve opens and cycles with burning rates so low that combustion is 
incomplete late in the expansion. Misfires are invariably followed 
by a normal burning cycle at an instantaneously higher equivalence 
ratio and cyclic variations in combustion are thereby increased.
The transitory period during which the flame kernel is 
established has a significant influence on the type of burning cycle 
and the maximum burning rate; a long "delay" results in low 
combustion rates and gives rise to partial burning cycles.
Burning rates may be increased and flame establishment periods 
reduced by using compact combustion chambers to increase turbulence 
levels and shrouded inlet valves to increase swirl with the 
chamber. Location of the compact design of combustion chamber under 
the exhaust valve in engine II, however, resulted in a high 
incidence of detonation throughout the entire range of air/fuel 
ratios tested. This leads to failure in the equilibrium analysis 
model because of excessive increases in cylinder pressure over 1°CA 
intervals. It was recommended that this compact chamber be 
relocated under the inlet valve to reduce the effects of surface 
ignition particularly with alcohol fuels.
The engine tests were run at low volumetric efficiencies resulting 
from errors in air flow measurement. The volume of residual gases 
throughout these tests was therefore correspondingly higher than 
that associated with wide open throttle operation. This results in 
a higher level of inaccuracy in the computed values of the mass 
burning rate through the neglect of residual gases in the 
equilibrium combustion model.
6 INITIAL FLAME DEVELOPMENT
6.1 Ignition Models
The characteristic features of the ignition process and 
associated flame establishment in SI engines have been modelled by 
many workers, including Ohigashi and Hamamoto (21), Tabaczynski et 
al (22,23,24) and Chomiak (25). These models were reviewed by 
Annand for computer synthesis of spark-ignition engine combustion 
(19). Ohigashi and Hamamoto model the events during which the flame 
kernel is ignited and established as a thermal or chain-branching 
explosion in a small volume of unburnt gas; the gas having been 
raised to a temperature sufficient for ignition and subsequent flame 
propagation by the spark discharge. The flame temperature is given
where Q is the energy transferred from the spark to a volume of 
mixture V; typically the volume between the electrodes of the spark 
plug. The time during which this energy transfer occurs was defined 
in terms of an Arrhenius type relationship, with time varying 
inversely with reaction rate;
viz t, a (reaction rate)  ^ 6.2D
The activation energy and the constant of proportionality in 
equation 6.2 are functions of the type of fuel and equivalence 
ratio.
Various workers have derived empirical relationships 
(18,26,27,28,29,30) between laminar flame speed, reaction rate and 
other properties of the burnt and unburnt gases. Typically these 
relationships take the form
by
6.1
a (exp(-E/RTf))
-1
6.3
Thus combining equations 6.2 and 6.3 shows that the delay period 
during which the flame is ignited and established in the Ohigashi 
and Hamamoto thermal model, varies inversely with the square of the 
laminar flame speed at igntion.
a (exp(-E/RT^))  ^ 6.4
Blizard and Keck (31) developed a turbulent entrainment model 
of the ignition process in which the delay period is considered to 
be the time required to burn a representative eddy at a reaction 
rate proportional to the laminar flame speed. The model was refined 
by Tabaczynski et al (24) by inclusion of corrections for 
equivalence ratio, improving the predictions of charge burnup on 
contact with the walls and refining entrainment velocity 
assumptions, characteristic reaction time and turbulence 
modelling. He related the eddy size to the height of the combustion 
chamber at ignition and to a turbulence Reynolds number, defined in 
terms of the mean piston velocity.
(t. S /h) a. (h S/v)m(S /S, )n 6.5b m  m m L
which reduces to
1/3 2/3
t, cl v (h/S ST ) ' 6.6b m L
Ignition delay trends could be predicted if fully developed flame 
propagation began at 1% of the mass fraction burnt where the time to 
burn the initial 1% of the mass fraction burnt was calculated from 
equation 6.6.
Chomiak (25), in his experimental investigations into flame 
development in laminar and turbulent flows, divided the flame 
formation into two distinct periods. An initial period in which 
most of the spark energy is delivered to a cylindrical column of 
plasma between the electrodes and a subsequent period of kernel 
growth depending on the interactions of large scale eddies. In the
initial period self ignition occurs behind a flame front that 
expands at a rate that decreases until a mass and heat controlled 
deflagration is established. The dependence of the kernel size on 
time elapsed since the commencement of spark discharge was 
approximated by
which, on integration, gives the variation of the initial flame 
propagation velocity with time as
The tests were made with propane-air mixtures with equivalence 
ratios in the range 1.08< $<1.45. The initial period of flame 
development was found to be independent of flow velocity, turbulence 
level and mixture strength, and was therefore highly repeatable.
The subsequent period of kernel growth was found to be irregular, 
being dependent on the interaction of large scale eddies; thus 
representing the propagation of a turbulent flame with a velocity 
determined by local turbulence parameters.
De Soete (32) also describes the time between the firing of the 
spark to steady state propagation as a transitory period during 
which flame propagation tends to become self-sustaining, i.e. 
independent of the ignition conditions. Following self-ignition of 
the plasma he states that the kernel expansion rate decreases to a 
value of the order of the diffusion controlled flame speed. The 
subsequent flame propagation, during which the major portion of the 
fuel is burnt, depends substantially on the transitory period during 
which the flame kernel is established. He likened the ignition and 
subsequent combustion processes to the gestation period and 
adolescence in human beings, in that one born of rich beginnings is 
more likely to enjoy a healthy adolescence rather than one born in 
humble circumstances!
R a In (t) 6.7
6.8
i.e. S a t  
P
-1
6.2 Experimental Analysis of Flame Development in Lean
Methanol Mixtures
The results computed with the engine combustion model from two 
series of tests with methanol fuel were analysed to examine the 
characteristic features of the initial flame development and hence, 
to establish a suitable model of this period for spark-ignited lean 
methanol mixtures. The engine operating conditions are specified in 
table 6.1 below.
Table 6.1 Engine Operating Conditions
Engine
Combustion Chamber Type
Compression ratio
Speed
Air flow
Fuel
Equivalence ratio
Farymann
Spherical pre-chamber 
9:1 and 11:1 
1000 rev/min 
11.9 kg/h 
methanol 
0.61 < $ <  1.01
Typical curves of the variation of flame propagation velocity 
with crank angle, computed from the acquired pressure data, taken 
from test number C11M100/4, are shown in figure 6.1.
The flame propagation graphs exhibit four distinct features of 
flame development that can be generalised and represented 
schematically as shown in figure 6.2:-
The features may be classified as:
A. The heat transfer period (9^ ) immediately following spark 
discharge during which time the cylindrical column of gases 
between the spark-plug electrodes is heated to the self­
ignition temperature.
B. Instantaneous self-ignition of the cylindrical column with a 
correspondingly high instantaneous value of the flame 
propagation velocity (SpI).
C. A period during which the flame kernel is being consolidated 
and established • Here unburnt gas is entrained into 
the small expanding kernel with a cooling effect that 
results in a decrease in the value of flame propagation 
velocity. If the entrainment rate of unburnt gas exceeds 
the burning rate quenching may occur and the flame may be 
extinguished.
D. Establishment of a the self-propagating turbulent flame with 
an accelerating flame front, i.e. dSp/dt becomes positive.
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6>2.1 Heat Transfer Period
The mean values of the time elapsed from spark discharge to 
ignition of the cylindrical column of gas between the electrodes for 
each test are shown plotted in figure 6.3 to a base of laminar flame 
speed. The standard deviation in elapsed time for each test run is 
shown as bars on each mean value. As the mixture strength is 
reduced for both series of tests at compression ratios of 9:1 and 
11:1 the heat transfer period increases. An inverse relationship 
between this period and laminar flame speed is indicated. The 
relationship for methanol mixtures in the range LML < $ < 1, takes 
the form:
‘Vw-i’= (V W n 6-9
The index in this relationship was -0.56, for the lower
compression ratio 9:1 and -0.12 for the higher compression ratio of
11:1. Using these two values leads to an expression relating the 
index to compression ratio:
n = 0.22 £ -2.54 6.10
At stoichiometric conditions the heat transfer period for 
methanol was about 0.67 ms.
Cycle-to-cycle variations in the heat transfer period occurred 
with cyclic disperions increasing as the mixture strength was 
weakened as shown below in table 6.2.
Table 6.2 Cyclic Dispersion in Heat Transfer Period
Compression Ratio Equivalence Ratio Cyclic Dispersion in 
heat transfer period
9:1 1.005 0.233
0.654 0.512
11:1 0.973
0.563
0.244
0.326
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6.2.2 Initial Flame Propagation Velocity
The high instantaneous value of the propagation velocity dR/dt, 
resulting from the rapid expansion of the flame kernel on ignition 
of the volume of unburnt gas between the electrodes when the self­
ignition temperature is reached, is plotted to a base of laminar 
flame speed in figure 6.4. The plot takes the form of a mean value 
for each mixture strength tested with the standard deviation 
superimposed. The instantaneous propagation velocity varied from a 
mean value of 35 m/s with stoichiometric mixtures to 18 m/s with 
mixtures approaching the lean misfire limit. The compression ratio 
appeared to have little influence on this parameter. The cycle-to- 
cycle variations in propagation velocity on ignition were highest 
with the "richer" mixtures.
The computed test results indicate a relationship of the form
S = a + b S,n 6.11pi L
for methanol, with the constants and index values as:
a = 18 m/s 
b = 6 s/m 
n = 2
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6.2.3 Index of Expansion During Flame Establishment
Immediately after the ignition of the unburnt gas volume 
between the electrodes the rate of propagation of the flame kernel 
decreases with elapsed time until propagation is firmly established 
with a turbulence governed expansion. Chomiak (25) reported an 
inverse relationship between propagation velocity during this phase 
of flame development and time; namely
S a tn where n = -1 6.12
P
The results computed from the pressure data acquired 
experimentally, shown in figure 6.5 as a plot of index n against 
laminar flame speed indicate generally an inverse relationship with 
a mean value of the index n of about -1 for all mixtures from 
stoichiometric to the lean misfire limit. Cycle-to-cycle variations 
in the index were however significant, particularly during tests at 
the higher compression ratio. Typically at an equivalence ratio of 
0.81 and a compression ratio of 11:1 the cyclic dispersion was 0.32.
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6.2.4 Total Period of Flame Establishment
The flame kernel may be considered to be established when the 
flame front accelerates immediately following the period of 
decreasing rate of expansion after self-ignition. The variation in 
the overall period between spark discharge and the rate of change of 
propagation velocity becoming positive is shown plotted to a base of 
laminar flame speed in figure 6.6. In general the total period of 
flame development increases with reductions in laminar flame speed 
as the mixture strength is weakened. This effect is more pronounced 
at the lower compression ratio where the unburnt gas temperature at 
ignition is lower.
With lean mixtures it is difficult to specify the exact point 
at which flame propagation is established. The rate of change of 
propagation velocity may vary between positive and negative values 
following the initial period of decelerating flame propagation, thus 
indicating that the flame front may not be fully established.
Typical curves of the cumulative mass fraction burnt and the flame 
propagation velocity for two individual cycles are shown in figures 
6.7 and 6.8. In the first curve for the stoichiometric mixture the 
onset of an accelerating flame propagation is clearly discernable 
and is clearly indicative of an established flame kernel. This 
occurs at a mass fraction of about 1% burnt. For the weaker 
mixture, at an equivalence ratio of 0.69 the rate of change of 
propagation velocity varies substantially and is not a clear 
indication of an established flame.
A comparison between the flame establishment period as defined 
by the rate of change of flame propagation velocity becoming 
positive and that defined by a mass fraction of 1% burnt is shown in 
figure 6.9 for the mean values of each test. For the range in 
equivalence ratios of 0.8 < <£ < stoichiometric, the correlation
between the two definitions is good; especially when the 1° 
resolution in crank angle used throughout the computer combustion 
model evaluation is taken into account. Below an equivalence ratio 
of 0.8 the problem of ascertaining the exact point at which the 
flame becomes established has a marked effect on the correlation.
It was therefore decided to define the overall period of flame
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establishment in subsequent work as the period between spark 
discharge and a mass fraction burnt of 1%.
Taking the 1% definition of this parameter, the variation in 
flame establishment period with laminar flame speed for methanol at 
compression ratios of 9:1 and 11:1 and for the baseline fuel iso­
octane was plotted in figure 6.10. As the mixture strength is 
reduced towards the lean misfire limit and the laminar flame speed 
decreases the overall period of flame initiation and establishment 
increases following a power law of the form:
Tl% Tl% $=1 (SL/SL 6,13
For methanol the index n was related to the two compression ratios 
used by the expression:
n = 0.22 ^ -3.0
with 6.14
at <£=1 equal to 1.2 ms.
For the baseline fuel, iso-octane, at a compression ratio of 9:1
Tl% 2,33 SL 6.15
1% 
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6.3 Summary
The flame development period in the divided chamber engine 
follows the characteristic phases reported by Chiomiak. These 
features may be classified into four:
A. A period of heat transfer from the spark discharge to a 
column of unburnt gas between the spark plug electrodes.
B. Instantaneous self-ignition with a high propagation 
velocity.
C. A period of flame establishment with a decelerating flame 
front.
D. The onset of a self-propagating accelerating flame front.
The characteristic features may be related to laminar flame 
speed and modelled for computational purposes in engine combustion 
models as:
Heat transfer period
^ (ST/ST ~=1)n 6.9'ht ht$=l L L $=1 
where n = 0.22 1^  -2.54
Initial propagation velocity
S T = a + b S 6.11pi L
where a = 18 m/s b = 6 s/m n = 2
Flame establishment
The actual time at which the flame may be considered to be 
fully established was difficult to ascertain with lean mixtures, 
below an equivalence ratio of 0.8, when defined in terms of dSp/dt 
becoming positive. The definition of flame establishment in terms 
of a mass fraction of 1% burnt is preferred. Then the overall 
period of flame establishment may be modelled as
for methanol
r = t (S /S , )n 6.13
Tl% 1% $=1 L L $=1;
where x. a/ , . = 1.2 ms 
I/o <£=1
and n = 0.22 £ -3.0 6.14
for iso-octane at a compression ratio of 9:1
Tl% = 2,33 SL 6*15
The test results used in this analysis of initial flame development 
were acquired at 1° crank angle intervals from the divided chamber 
engine. This constraint was imposed by the 1° resolution of the 
encoder fitted to the cam shaft. For relative short periods, in 
which flame propagation speeds can rise from zero to 30 m/s over 1° 
of crank angle, the resolution of this data is clearly insufficient 
and a 1/10° encoder would be more appropriate. However, this would 
increase the data acquired per cycle substantially, even with 
switching a window on and off, thereby reducing the possible number 
of cycles acquired per test and increasing compution time.
7 COMBUSTION MODELS
Analysis of engine test bed data with the preceding diagnostic 
models of combustion can provide valuable empirical inputs to 
computer synthesis programs. Test programmes may be enhanced by use 
of computer synthesis programs for parametric studies of the 
particular combustion chamber geometry under evaluation. Engine 
performance and exhaust emissions may then be predicted over a wide 
range of operating conditions without extensive laboratory 
testing. The fundamental equations of the equilibrium theory model 
may be re-arranged in a form suitable for the computation of the 
thermodynamic properties of the gases in each zone from an 
empirically derived model of the combustion process. (Appendix D)
Heywood and Watts (33) described such a parametric study of 
fuel consumption and NO emissions of a dilute spark-ignition engine
using a computer simulation. The combustion model used was that of
Wiebe (34) in which the mass fraction burnt at a given crank angle 
was specified by the exponential function:
m^ = 1 -exp £-a £ (0-0o)/A0^J j mi
where a and the index b are constants, and
m^ = mass fraction of total mass in cylinder burnt
0 = crank angle
0 = crank angle at start of combustion
o
A0 - crank angle interval of burnt duration, o
This equation allows some flexibility in specifying the shape 
of the mass burning curve from the parameters characterising the 
combustion process in the chamber under evaluation. The 
characteristic parameters are shown schematically in figure 7.1.
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Combustion starts at 0 : at the end of the heat transfero
period ( A0, ) between spark discharge and ignition of the volume of ht
gas between the spark plug electrodes on reaching the self-ignition 
temperature. The onset of combustion (Qq) an input into the 
combustion model and can be evaluated from the analysis of initial 
flame development using a diagnostic model. In the case of the 
divided combustion chamber of engine I burning methanol, 0q may be 
evaluated from the empirically derived relationship:
Tht= Tht $=1(SL/SL $=1) 6,9
where the index n is related to compression ratio by the expression:
n = 0.22 -2.54 6.10
The laminar flame speed is given by the equation
SL = ^ 1«09 x 10”4 {juTad2#45exp("E/RT^ Tad”Tu ^  j $1*8(Po/p)0’2 2.58
The second input parameter, the burn duration (A©b) » herei-n 
defined as the crank angle interval from the start of combustion to a mass 
fraction of 0.99 burnt. Evaluation of the burn duration from the 
combustion analysis of experimentally acquired data in terms of a 0-100% 
burn is not possible with an exponential function.
Further, cycle-to-cycle variations in combustion exist, particularly 
in the lean burning regime where partial burning cycles and misfires 
occur. A normalised mass fraction burnt at a given crank angle was, 
therefore, introduced into equation 7.1.
(mb/mb) = 1 - exp £ -a £ (0-©o)/A©bJ 7.2
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7,1 Evaluation Method
Equation 7.2 may be expressed, in a linear form, as
In { _ln [ = (b+1) In (0-0 ) + InCa/eJ3*1) 7.3 o b
and the method of least squares used to evaluate the constants from the 
mass fraction burnt-crank angle derived from the experimental results.
A comparison of the Wiebe combustion model with the burning curve 
derived from the application of the equilibrium theory to BP test number 
BIP211R cycle number 1, is shown in figure 7.2. The characteristic 
parameters evaluated were:
For this design of combustion chamber, the Wiebe exponential function 
models the burning curve computed from the experimentally acquired pressure 
data closely below a mass fraction burnt of 0.6. Thereafter the function 
is not sufficiently discriminating to give a good correlation with the 
sudden change that occurred in the burning rate with extinction of the 
flame.
Application of this modelling technique to the divided chamber of 
engine I does not yield such a good correlation. In this combustion 
chamber a high burning rate is achieved initially, followed by a lower rate 
when the flame is propagated in the main chamber. A comparison of the 
Wiebe model with the combustion of a lean methanol mixture of equivalence 
ratio 0.74 at a compression ratio of 9:1 is shown in figure 7.3 for cycle 
number 1 of test C9M100/5. The function parameters were
a b 0o
0.79 4.61 3.31 -7° 38.4°
mb
0.71
a
4.61
b
1.27
A©,b
35.9°
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Modelling the burning curve in the divided combustion chamber with the 
Wiebe expression produces a mean approximation to the two phases of 
combustion. Also the equilibrium theory program indicated that the flame 
front was still propagating 50° ATDC, albeit at an extremely low rate. It 
was, therefore, necessary to specify the total mass fraction burnt as that 
at 50°ATDC to obtain a good approximation to the computed burning curve. A
high order polynomial function may give a superior fit to the empirically
derived burning curve but such an expression could lead to negative values 
of burning rate which are clearly unacceptable. The physical significance 
of the characteristic parameters of the Wiebe function, in particular the 
burn duration, were considered to be important recognisable inputs in any 
computer simulations and this function was therefore adopted for modelling 
the combustion of lean methanol mixtures in engine I.
7.2 Combustion Modelling of Lean Methanol Mixtures in the Divided 
Chamber Engine
Mean values of the heat transfer period, the 0-10% and the 0-50% burn 
times at each equivalence ratio tested were used to model the combustion of
lean methanol mixtures in the divided chamber engine with the Wiebe
function. The mean values derived from the equilibrium analysis of the 
test bed data and the resulting characteristic parameters of the combustion 
model are tabulated in appendix C6. Defining the burn duration as the 
crank angle interval between the start of combustion and a mass fraction 
burnt of 0.99 results in a constant value of 4.61 for the constant a. 
Variations in the burn duration, expressed as a crank angle interval, and 
the index b with equivalence ratio are shown in figure 7.4(a) and (b). The 
higher compression ratio gives a longer burning duration commensurate with 
the reductions in laminar flame speed that results from increased pressure 
(equation 2.58). The duration of the 0-99% burn was sensibly constant as 
the mixture strength was leaned until an equivalence ratio of about 0.75. 
Below this value the duration increased exponentially through the incidence 
of partial burning with low propagation velocities.
The exponential index b was sensibly constant with combustion at the 
higher compression ratio; whereas for a compression ratio of 9:1 the index
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increased with reductions in the equivalence ratio. Large variations in 
the index b occurred at the lean limit of stable operation.
The corresponding graphs of the burn duration and exponential index b 
are shown plotted to a base of laminar flame speed in figure 7.5(a) and 
(b).
Combustion of lean methanol mixtures at compression ratios of 9:1 and 
11:1 may thus be modelled using the Wiebe function for subsequent 
parametric studies with synthesis computer programs. The empirically 
derived values of a, A0^ and b are given in appendix C6.
7.3 Summary
I I
I Engine test programmes may be enhanced by the application of
computer synthesis models for parametric studies of the particular 
engine under evaluation. Empirical relationship defining mass 
burning rates can be evaluated at specific test points from the data
! acquired and used in the sythesis models to interpolate between
I these actual test points. Use of the derived relationships is
! however restricted to the actual engine from which the data were 
I acquired.
8 FUTURE WORK
In the preceding work engine combustion models have been used to 
compute the performance of combustion chambers from easily acquired 
cylinder pressure crank angle data. Performance was defined in terms of 
mass burning rates, mass fraction burnt and propagation velocity. Exhaust 
emissions are also of fundamental importance in test bed trials of 
differing designs of combustion chamber with both conventional and 
alternative fuels. In the two zone equilibrium theory model the computer 
program of Olikara and Borman (13) is used to evaluate species 
concentrations in the burnt and unburnt gases. This model of incylinder 
combustion could, therefore, be developed to output species concentrations, 
in particular CO and NO to give information on exhaust emissions.
Methanol and ethanol, with RON's of 114 and 111 respectively, are 
suited for use in high-compression, spark-ignited engines. The cetane 
numbers are, however, low and alcohol fuels are not easily ignited by 
corapression-ignition. Although the small diesel engines, in common use in 
the developing countries for power generation and water pumping in rural 
areas, can easily be converted to spark-ignition to burn locally produced 
alcohol fuels, the added complexity of ignition systems would be a serious 
disadvantage. The elegant simplicity of compression-ignition would be 
lost. The problems of igniting alcohol fuels in direct injected engines 
will need to be addressed before a successful programme for the supply and 
distribution of alternative fuels could be established. Various techniques 
to ignite alcohols in diesel engines were reported at the Vlth 
International Symposium on Alcohol Fuel Technology. These included 
improvement of the cetane number with additives, pilot inject of diesel 
oil, glow plugs and surface ignition. The so-called "Spark-Ignited Diesel" 
has yet to be evaluated with alcohol and other low cetane number fuels.
The distinct advantages to fuel economy with power controlled through 
air/fuel ratio could be realised in this form of engine. A study of the 
influence of spark timing and different designs of spark discharge systems 
on the ignition of alcohol fuels in unthrottled, spark-ignition, direct 
ignited engines is therefore, considered to be pertinent to alternative 
fuels evaluation programmes.
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The equilibrium theory analysis was used to model the combustion 
process in the combustion chamber under evaluation with the Wiebe 
exponential function. This function specified the mass burnt in terms of 
crank angle. The fundamental equations of equilibrium theory can be re­
arranged to predict cylinder pressures from mass burning rates (appendix 
D). Subroutine STEP in the equilibrium theory computer program could, 
therefore, be revised to predict cylinder pressures from the experimentally 
derived Wiebe function modelling the combustion process. Combustion 
chamber performance testing may then be enhanced with parametric studies 
using the empirically determined combustion process model thereby reducing 
the need for expensive and exhaustive test programmes.
9 CONCLUSIONS
Computer models of engine in-cylinder combustion may be used 
relatively inexpensively to predict the performance of combustion chamber 
designs from readily acquired cylinder pressure data. Two techniques are 
currently in use. The pressure increment technique, in which the pressure 
rise owing to combustion is computed at constant volume over 1° intervals 
of crank angle, is suitable for use directly on the micro and mini computer 
systems used for data acquisition. The equilibrium theory analysis 
provides a more comprehensive analysis but is significantly more demanding 
in computer time and is more suitable for use on main frame machines. 
Computer data acquisition systems need not be sophisticated or 
prohibitively expensive. Microcomputer based CPUs and floppy disk systems 
have been found to be adequate. Software needs to be written in assembler 
to achieve the acquisition rates needed for engine analysis. File transfer 
packages are needed to transfer experimental data to main frame machines 
for analysis using the equilibrium theory model.
Small diesel engines may be easily converted to spark-ignition to burn 
lean mixtures of alcohol fuels. The highly turbulent combustion chambers in 
these engines are well suited for combustion in the lean burning regime. 
Comparative tests with methanol and with a base-line fuel iso-octane 
indicate that mass burning rates are increased significantly with highly 
turbulent combustion chambers. Combustion rates were higher with methanol 
and stable operation was possible further into the lean burning regime.
The rate of decrease in mass burning rate as the mixture strength was 
leaned was not as rapid with high compression ratios. Poor carburation 
would, therefore, not have such an adverse effect on cycle-to-cycle 
variations in lean-burning, high-compression engines.
Individual cycles may be categorised into five distinct types. These 
include partial burning cycles in which the flame may be extinguished 
before the exhaust valve opens or cycles with extremely low rates of flame 
propagation; with burning still in progress when the exhaust valve opens. 
Misfires were invariably followed by a normal, complete combustion, cycle 
due to the richening of the mixture with unburnt fuel in the residual
gases. Cycle-to-cycle variations in combustion were therefore, increased 
thereby exacerbating the problem of stable operation.
The transitory period during which the flame kernel was being 
established has an important influence on subsequent burning rates. The 
type A, or normal burning cycles,associated with short transitory periods of 
flame development; whereas partial burning cycles with low propagation 
rates associated with long periods of flame establishment. In tests on the 
divided chamber engine with methanol it was possible to identify four 
characteristic phases of flame development. Initially, a period during 
which heat is transferred from the spark discharge to a volume of unburnt 
gas between the spark plug electrodes. This was followed by self-ignition 
of this volume of unburnt gas on reaching a sufficiently high temperature 
which resulted in a high instantaneous value of propagation velocity.
Flame development then ensued with entrainment of colder unburnt gas into 
the expanding kernel until the self propagating accelerating flame front 
was established. These characteristic features were related to laminar 
flame speed and modelled for computational purposes. It was difficult to 
ascertain the onset of flame establishment in terms of a flame propagation 
acceleration with lean mixtures below an equivalence ratio of 0.8. A 
definition in terms of a mass fraction of 0.01 burnt was, therefore, 
considered to be more definitive.
Analysis of engine test bed data with the equilibrium theory computer 
program enabled the combustion process in the divided chamber engine to be 
modelled. The Wiebe exponential function, which relates mass fraction 
burnt to crank-angle, was used. Although the degree of fit was limited 
with the change in burning rate that occurred in this type of combustion 
chamber, this function was retained as the constants in the Wiebe 
expression have physical significance. This function could be used in a 
modified form of the equilibrium theory computer program to predict 
cylinder pressures and indicated performance parameters to enhance 
practical test bed trials of combustion systems.
The influence of combustion chamber geometry was exemplified by 
comparisons of a standard cylindrical chamber, a highly turbulent bowl-in-
piston design and a compact chamber located in the piston crown beneath the 
exhaust valve. Additionally fluid motion was increased using inlet swirl 
through use of a shrouded inlet valve. Burning rates were increased with 
the turbulence inducing designs and periods of flame establishment were 
reduced. The compact design of combustion chamber of engine II was prone 
to detonation throughout the equivalence range tested. This led to 
failure of the equilibrium theory computer model due to excessively high 
increments in cylinder pressure over each degree of crank angle. Analysis 
of this particular combustion chamber was therefore restricted to the 
pressure increment technique.
Interest in the production of alcohol fuels, either methanol from 
natural gas deposits or indirectly from biomass via methane, or ethanol 
from biomass is increasing. In Europe over-production of crops has led to 
increased consideration being given to the evaluation of alternative 
fuels. In the developing world countries are interested in supplying 
alternatives to reduce adverse balance of payments. Work needs to be 
undertaken, however, to study and considerably improve combustion of these 
low cetane number fuels in diesel engines before a successful programme of 
supply and distribution of alcohol fuels can be undertaken. The combustion 
models used in the preceding study are suitable for analysis of the 
combustion of alternative fuels in differing design of chamber with 
compression-ignition or spark-assisted diesel engines.
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APPENDIX B
COMPUTER LISTINGS
B1 Pressure analysis program
o 
o 
o 
o 
o RASSWEILER AND WITHROW LLOYD SAE 800131
R A JOHNS UNIVERSITY OF SURREY MAR 82 REV 85
COMMON/RDGS/VC241),P I (241) ,DP(241) ,DP1 (241) ,DPC(241) ,D P C V (241) 
COMMON/S/SUM(241)
COMMON/PRESS/P(64,241)
COMMON/ENG/BORE,STRK,CONN,CNX,VS,VC,CR,REV,M,F,POWER,AF,THETAI 
COMMON/O/ PMAX(64),THMAX(64),DPMAX(64),THDPM(64),PER1(64), 
1PER2C64),PER3(64)
C DATA INPUT
NNN=1
CALL DATAIN(THETA,DTHETA,N,ZA,ZB,ZC,F1,F2,F3)
CALL HEADER(ZA,ZB,ZC,F1,F2,F3,REV,CR,F,THETAI)
CALL VOL(THETA,VIGN)
DO 1 1=1,N 
A M A X = 0 .
CALL AINDEX(CNX,I)
DO 2 J = 2 ,241 
DEG=THETA+FLOAT(J-1)
IF(DEG-THETAI) 100,100,101
100 P1(J)=0.
DP(J)=0.
DP1(J)=0.
DPC(J)=0.
D P C V ( J )=0.
P M A X (I )=0.
D P M A X (I )=0.
SUM(J)=0.
GO TO 103
101 P1(J)=P(I,J-1)*((V(J-1)/V(J))**CNX)
DP(J)=P(I,J)-P(I,J-1)
D P I (J)=P1(J)-P(I,J-1)
DPC(J)=DP(J)-DP1(J)
D P C V (J )=DP C (J )* V (J )/VIGN 
103 SUM (J ) =S U M( J- 1 )+DP CV ( J )
IF(SUM(J)-AMAX) 115,115,116 
116 AMAX=SUM(J)
115 CONTINUE
I F ( P ( I ,J )- P M A X ( I )) 200,200,201
201 PMAX(I)=P(I,J)
THMAX(I)=DEG
200 CONTINUE
I F ( DP C V (J )- DP MA X (I )) 202,202,203 
203 D P M A X (I )=DP CV (J )
THDPM(I)=DEG
202 CONTINUE 
2 CONTINUE
KK 1 = 1 
KK2=1 
KK3=1
Z1 =0.01 *AMAX
Z2=0.5*AMAX
Z3=0.9*AMAX
DO 3 K = 2 ,241
D EG =T H ET A +F LO A T( K- 1 )
GO TO (400,303) ,KK1 
400 IF( SU M (K ) -Z 1 ) 301,301,302
301 PER 1 (I )= DE G -T H ET AI + 1 .
GO TO 303
302 KK1=2
o 
o 
o 
o 
o 
o
GO TO (401,306),KK2
401 IF(SUM(K)-Z2)304,304,305
304 P E R 2 ( I )=DEG-THETAI+1 
GO TO 306
305 KK2=2
306 CONTINUE
GO TO (402,310),KK3
402 IF(SUM(K)-Z3) 307,307,308
307 PER3(I)=DEG-THETAI+1.
GO TO 310
308 KK3=2 
310 CONTINUE
3 CONTINUE 
CALL PRINT(I,THETA,AMAX)
CALL POU T (I ,PMA X( I ) ,T H M A X (I ),P ER 1(I ),PER2(I ),PER3(I ),D P M A X ( I ) , 
1THDPM(I))
1 CONTINUE 
CALL O U T S U M (R E V ,N ,Z A ,Z B ,Z C )
STOP
END
SUBROUTINE PRINT(K,THETA,AMAX)
C OMMON/RDGS/V(241),P 1(241),D P (241),D P 1 (2 41 ) ,DPC(241) ,DPCV(241) 
C OM MO N /S / SU M (241)
C OMMO N /P R ES S/ P (64,241)
DIMENSION PER(241)
DO 1 1=1,241 
DEG=THETA+FLOAT(I-1)
PER(I)=SUM(I)/AMAX 
I F ( NN N -1 ) 999,999,998 
999 W RI TE(5,200) I ,D EG,P(K,I),V(I),P I (I ) ,DPCV(I),SUM(I),PER(I)
998 CONTINUE
IF (DEG+30.) 100,101 ,101 
101 W R I T E ( 2 ,201) SUM(I)
200 FORMAT(1X,I3,7(2X,E12.4))
201 FORMAT(E12.4)
100 CONTINUE
1 CONTINUE 
NNN=2 
RETURN 
END
SUBROUTINE VOL(THETA,VIGN)
COMMON/RDGS/V(2 41 ), P 1(241),D P (241),D P 1(241),D P C (241),D P C V (241) 
C OM MO N /S / SU M( 2 41 )
C O M M O N / E N G / B O R E ,S T R K ,C O N N ,C N X ,V S ,V C ,C R ,R E V ,M ,F ,P O W E R ,A F ,THETAI 
C OM MO N /P R ES S/ P (64,241)
B=2.*C0NN/STRK
C = 3 .142*BOR E* * 2* ST R K/ 8 .
DO 1 1=1,241
A N G =(T HE TA + FL O AT (1-1))*3.142/180.
S=SQRT(B*B-SIN(ANG)**2)
V ( I )=V C + C * (1.+ B - S - C O S (A N G ))
1 CONTINUE 
K=IFIX(THETAI)+121 
VIGN=V(K)
RETURN
END
o 
o 
o
SUBROUTIN E DAT AI N (T H E T A ,D T H E T A ,N ,Z A ,Z B ,Z C ,F 1,F 2 ,F 3 ) 
COMMON/RDGS/V(241),P1(241),DP(241),DP1(241),DPC(241),DPCV(241) 
COMMON/S/SUM(241)
C OM MON/ENG/BORE,S T R K ,C O N N ,C N X ,V S ,V C ,C R ,R EV ,M ,F ,P O W E R ,A F ,THETAI 
COMMON/PRESS/P(64,241)
ENGINE DATA
DATA B O R E ,S T R K, C ON N ,CNX / 3-5,3-625,6.5,1.3/
T EST DATA 
W R I T E (1,110)
110 F O R M A T ( 
R E A D O  ,
111 FORMAT(3A3)
112
113
114
104
103
106
109
101
200
TEST N U M B E R 1) 
11)ZA,ZB,ZC
)
W R I T E O  ,112)
F OR MA T (' F UE L ’)
R EA D( 1,111)F1,F2,F3 
W R I T E C 1 ,113)
F O R M A T ( 'SPEED')
R E A D (1,103)REV 
W R I T E (1,114)
F O R M A T ( 'EQIVALENCE RATIO 
R E A D (1,103)F 
W R I T E (1,104)
F O R M A T (' COMPRESSION RATIO 
READ (1,103) CR 
FORMAT(E12.4)
W R I T E (1,106)
F O R M A T (' IGNITION TIMING 
R E A D O ,  103) THETAI 
W R I T E O  ,109)
F O R M A T (' NO OF CYCLES PLEASE 
R E A D O  ,101) N 
F O R M A T (13)
PRESSURE READINGS 
FORMAT(F7.2)
DO 2 J=1,N 
DO 3 1=1 ,241 
R E A D (6,200) P(J,I)
CONTINUE 
CONTINUE 
THETA=-120 
DTHETA=1
V S = 3 .142*BO R E* * 2* ST R K/ 4 . 
V C = V S / ( C R - 1 .)
RETURN
END
DEG B T D C ’)
MAX=10')
SUBROUTINE AINDEX(CNX,K)
C OM MO N /P R ES S/ P (64,241)
COMMON/RDGS/V(241 ), P I (241),D P ( 2 4 1 ) ,DPC(241),DPCV (241) 
S1=0.
S 2 = 0 .
S3=0.
S 4 = 0 .
DO 1 1=171,241 
X=ALOG(V(I))
Y=ALOG(P(K,I))
S1=S1+X*Y
S2=S2+X
S3=S3+Y
S4=S4+X*X
CONTINUE
C N X = ( 7 1 .*S1-S 2 *S 3 )/ (S 2 *S 2- 7 1 . *S4)
END
C
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C
SUBROUTINE H EADER(ZA,Z B ,Z C ,F 1,F 2 ,F 3 ,R EV ,C R ,F ,T H E T A I )
W R I T E ( 5 ,100)
100 FORMA T (3 0 X, ’COMBUSTION ANALYSIS-RASSWEILER AND W I T H R O W ’/30X, 
1 ’PETTER BA1 ENGINE WITH SPARK I GN ITION’//)
101 
102
103
104
105
106
C 
C 
C
SUBROUTINE POUT(N,PMAX,THMAX,PER1,P E R 2 ,P E R 3 ,DPMAX,THDPM)
W R I T E C 5 ,101) N
101 FORMA T (/ / /3 0X , ’CYCLE NUMBER ’ ,12)
W R I T E (5,102)P M A X ,THMAX
102 FORMAT(30X,'MAXIMUM CYCLE P RE S S U R E ’ ,E12 . 4 , ’L B F / I N 2 ',4X,'AT ',
1 E 1 2 . 4 , ’D E G ’/)
W R I T E (5,104)D P M A X ,THDPM 
104 FORMAT(30X,'MAXIMUM PRESSURE RISE R A T E ’ ,E12.4,'LBF/IN2 DEG C A ' ,
14 X ,’A T ’,E12.4,'DEG'/)
W R I T E C 5 ,103)PER1,PER2,PER3
103 FORMAT(30X,'NORMALISED PRESSURE R I S E ’/ 5 5 X , '0-1*1,E12.4,'DEG C A ’/ 
1 5 4 X ,'0-50%’,El2 . 4 , ’DEG C A ’/ 5 4 X , '0-90%',E 1 2 .4,’DEG C A ’)
RETURN
END
C
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
c
c----------------------------------------------------------------------------------------------------------------------------
SUBROUTINE O U T S U M (R E V ,M C Y C L ,Z A ,Z B ,Z C )
COMMON/0/ BPMAX.(64) ,BPTHTA(64),B MB RA T (64) ,BMBTHE(64)
1 ,BTIM10(64),BTIM50(6 4 ) ,BTIM90(64)
CALL D EV N( M CY C L ,B P M A X ,P M A X ,P M A X S D )
CALL D E V N (M C Y C L ,B P T H T A ,P T H E T A ,P T S D )
CALL DEVN(MCYCL,BTIM90,TIM90,T90SD)
CALL D EV N( M CYCL,BMBRAT,AMBRAT,A M B R S D )
CALL D E V N (M C Y C L ,B M B T H E ,A M B T H ,A M B T S D )
CALL D E V N ( M C Y C L ,BTIM10,TIM10,T 1 O S D )
CALL DEVN(MCYCL,BTIM50,TIM50,T50SD)
TIM10=TIM10/REV/.006 
TIM50=TIM50/REV/.006 
TIM90rTIM90/REV/.006 
T10 S D = T 1 O S D / R E V / .006 
T50SD=T50SD/REV/.006 
T90SD=T90SD/REV/.006 
A M B R S D nA M BR SD * 100.
C
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C
W R I T E (5,100)Z A ,Z B ,ZC 
100 F O R M A T ( / / 4 0 X ,'S H O R T  S U M M A R Y  ’/44X,'RUN NUMBER ' ,3A
W R I T E (5,101)ZA,ZB,ZC
F O R M A T (3 0 X ,'TEST NUMBER ’ ,3A3)
W R I T E ( 5 ,102)FI,F2,F3
FORMAT(30X,'FUEL ’ ,3A3)
W R I T E (5,103)REV
F O R M A T (30X,’S P E E D ’,10X,E12.4)
W R I T E ( 5 ,104)CR
FORMAT(30X,'COMPRESSION R A T I O ’ ,E12.4) 
WRITE(5,105)F
FORMAT(30X'EQUIVALENCE R A T I O ’,E12.4) 
W R I T E (5,106)THETAI
FORMAT(30X,'IGNITION TIMING ’,E12.4///)
RETURN
END
o 
o 
o
101 FORMAT(10X,' MAX PRESSURE',6X,'MEAN',2X,E12.n,UX,'CRANK ANGLE',5X 
1,»MEAN ',El 2.4)
WRITE(5,102)PMAXSD,PTSD
102 FORMAT(1nx,' (LB/IN2)',6X,'SD',nx,E12.n,20X,’SD',nX,E12.n/)
WRITE(5,1On )AMBRAT,AMBTH
104 FORMAT(1OX,'MAX PRESSURE RATE MEAN ',E12.n,nx,'CRANK A N ’
1,'GLE',5X ,’MEAN ',E12.n)
WRITE(5,105) AMBRSD,AMBTSD
105 FORMAT(1OX,'(LBF/IN2 C A ) ',6X,'SD',4X,E12.M,20X,'SD',nX,E12.n/) 
WRITE(5,106)TIM10,T10SD
106 FORMAT(10X,'0- U.BURN TIME MEAN ' ,E12.n/mx,' (MS)',
110 X ,'SD ' ,E12.n/)
WRITE(5,107)TIM50,T50SD
107 FORMAT(10 X ,'0-50$ BURN TIME MEAN ' ,E12.n/mx,' (MS)',
110X,'SD ',E12.n/)
WRITE(5,110) TIM90,T90SD 
110 FORMAT(1O X , '0-90% BURN TIME MEAN 1,E12.n/inX,'(MS)1,
110X,'SD ’,E12.n/)
RETURN
END
SUBROUTINE D E V N (N ,X ,A M E A N ,S D )
DIMENSION X(6n)
S U M = 0 .
X 2 - 0 .
DO 1 1=1 ,N 
SUM=X(I)+SUM 
X2=X2+X(I)**2 
1 CONTINUE 
A MEAN=SUM/FLOAT(N )
SD=SQRT((FLOAT(N)*X2-SUM**2)/FLOAT(N)/FLOAT(N-1))
RETURN
END
B2 Pressure analysis plotting routine
C PLOTS P-THETA,COMBUSTION PRESSURE RISE AND
C COMBUSTION PRESSURE RISE RATE DIAGRAMS
C RAJ FEB 85
C
DIMENSION PC241),A M ( 2 4 1 ) ,X(241) ,DAM(241) ,Z(1 0 ) ,Z1(10) 
W RI TE ( 1,10)
10 FORMATC'TYPE 1 FOR VDU/TYPE 2 FOR PLOTTER')
READ(1,12) NUM
12 FORMAT(12)
IF (NUM.EQ.1) CALL T5600 
IFCNUM.EQ.2) CALL CC906N 
WRITE (1,11)
11 FORMAT( 'NUMBER OF CYCLES PLE AS E <= 1 6 ’)
READ(1,12) M
C
C
630 XOR=60.
Y0R=20.
DO 200 K = 1 ,4 
K1=K1+1
IF(KI-M) 600,600,200 
600 DO 100 1=1,241 
READ(5,101)P(I)
101 FORMATCE12.4)
X ( I )=FLOAT(I )-121.
100 CONTINUE
CALL AXIPOS(0,XOR,YOR,80.,1)
CALL AXIPOSCO,XOR,YOR,50.,2)
CALL AXISCA(3,5,0.,1000.,2)
CALL A XI S C A ( 3 ,4,-120.,120.,1)
CALL GRAPOL(X,P,241)
CALL CHASIZ(2.,2.)
210 CALL G RIDC2,1,1)
CALL G RA M0 V C- 6 0. ,-110.)
CALL CHAHOL(17HCRANK A NG LE / DE G * .)
CALL G RA MO V (-150.,100.)
CALL CHAANG(90.)
CALL C H A H 0 L O 9 H P R E S S U R E / L B F  IN-2*.)
CALL C H A AN G (0 .)
YOR=YOR+70.
200 CONTINUE 
X0R=150.
Y0R=20.
DO 400 K=1 ,4 
K2=K2+1
IF(K2-M) 410,410,620 
410 DO 300 1=1,151 
R EA D( 6 ,101) AM(I)
X(I)=-31.+FLOAT(I)
I F (1— 1) 300,300,305 
305 DAM(I)=AM(I)-AM(I-1)
300 CONTINUE
CALL AXIPOSCO,X0R,Y0R,70.,1)
CALL AXIPOSCO,XOR,YOR,50.,2)
CALL A XI S C A C 3 ,5,0.,1000.,2)
CALL AXISCA(3,8,-30.,50.,1)
CALL GRAPOL (X,AM,71)
CALL G RA M O V C O . ,-110.)
CALL CHAHOLC17HCRANK ANGLE/DEG*.)
CALL G RA M0 V C- 4 0. ,.1)
CALL CHAANGC90.)
- CALL CHAHOLC24HPRESSURE RISE/LBF IN-2*.)
CALL GRA MO V C6 5 . ,-60.)
UHL.L. Un/Uil>JU K U  . J
CALL G R A M 0 V C 5 1 .,1000.)
CALL CHAHOLC6H400.*.)
CALL G R A M O V C 5 1 .,500.)
CALL CHAH0LC6H 0.*.)
CALL GRAMOV(51.,0.)
CALL CHAHOLC 7 H - 4 0 0 .*.)
CALL G R I D ( 2 , 1 ,1)
CALL AXIPOSCO,XOR,(YOR+25.),50.,2) 
CALL A X I S C A C 3 ,5,-400•,400.,2)
CALL P E N S E L C 2 ,1,1)
CALL GRAPOL(X,DAM,71)
CALL P ENSELC1,1,1)
DO 500 K K = 1 ,9 
Z(KK)=-40.+10.*FL0AT(KK)
Z1(KK)=0.
500 CONTINUE
CALL G R A P O L C Z , Z 1 ,9)
Y0R=Y0R+70. 
400 CONTINUE 
CALL PICCLE 
GOTO 630 
620 CALL DEVEND 
STOP 
END
B3 Equilibrium analysis program
C GASOHOL CALCULATES THE PERCENTAGE OF FUEL BURNED AT SPECIFIED
C CRANK ANGLES FROM EXPERIMENTAL PRESSURE - CRANK ANGLE READINGS
C
C R A JOHNS UNIVERSITY OF SURREY SEP 1983
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - —
c
COMMON/RDGS/AP(361),T U (361),T B( 361),AMB(361),VB(361),V ( 361),
1A M C (361)
COMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQ(1 2) ,XPA,XF(5) 
COMMON/TAB/DXT( 1 2 ) ,DXP(1 2 ) ,DXF(12)
COM MO N /P R OP /A V M ,R ,H ,U ,D R T ,D H T ,D U T ,D R P ,D H P ,D U P ,D R F ,D H F ,DUF 
C OM MON/TIME/DTUDT,D T B D T ,D M B D T ,D V B D T ,D V D T ,D Q U D T ,D Q B D T ,D E L T ,AMA 
COMMO N /E N G/ BO R E ,S T R K ,C O N N ,V S ,V C ,C R ,C N X ,V M ,R E V ,T W ,T H E T A I , P O ,TO 
1 ,VO
COMMON/OUT/BPMAXC64),BPTHTA(64),BMBMAX(64),B MB RATC64),BMBTHE 
1 ( 6 4 ) ,BTIM10(64),BTIM50(64)
DIMENSION RF(361), T A C 3 6 1 ) ,SL(361) ,ST(361) ,SP(36l) ,SE(361) 
DIMENSION DAMCC361)
C
W R I T E C 1,522)
522 F O R M A T (' TEST N U M B E R ’)
R E A D ( 1,523) ZA,ZB,ZC
523 FORMAT(3A3)
W R I T E (1,520)
520 F O R M A T ( ’ NUMBER OF CYCLES P L E A S E ’)
R E A D (1,521) NCYCL
521 F O R M A T (12)
MMM=0
MCYCLrNCYCL 
920 DO 530 NNN=1,NCYCL 
c * * * * * DATA in p u t
CALL DATAIN (THETA,DTHETA,N,AMIX,NNN,AFR)
C***** INITIALIZE VARIABLES AT N=1 
KLO=1 
TB(1)=0.
AMB(1)=0.
VB( 1)=0.
P M A X = 0 .
IND1=0 
IND2=0 
INDELzO 
P0=AP(1)
T0=TU(1)
DEL T= D TH E TA /R E V/ 6 .
CALCULATE MASS IN CYLINDER
CALL V OL (T H ET A ,V ( 1 ) ,DVDT)
V0=V(1)
CALL FUEL (AFR)
CALL P RO PCH(TU(1),A V M R ,R R ,H R ,U R ,D H T R ,D U T R ,I R R )
IF(IRR.NE.O) GO TO 910 
AMA=AP(1)*V(1)/RR/TU(1)/12./778.
AMCC 1)= AM B( 1)/(A F R + 1 .)/AMIX 
D M M A X r O .
C#**#*WRITE TITLES AND INITIAL VALUES 
IFCNNN-1) 600,600,601 
600 CONTINUE
W R I T E (5,200)
200 F O R M A T ( 3 0 X , ’I N C Y L I N D E R  E Q U I L I B R I U M  A N A
1L Y S I S ’/ / 3 0 X , ’UNIVERSITY OF S U R R E Y ’,26 X, 'R A JOHNS S E P 8 3 '// 
2 3 0 X , ’FARYMANN VARIABLE COMPRESSION ENGINE WITH SPARK IGNITI
3 0 N ’//)
W R I T E C 5 ,201)
201 FORMAT(30X '##*######****#***##*#########**#**#***#*##*#**#*#*#*** 
1#*######* »//)
524 F O R M A T (4 0 X ,* TEST N UM BE R * ,12X,3A3/)
W R I T E (5,551) NNN 
551 F O R M A T (4 0 X ,* CYCLE NUMBER *,7 X ,12//)
W R I T E (5,202) B O R E ,S T R K ,C R ,R E V ,THETAI
202 F O R M A T (4 0 X ,* BORE *,15 X ,E12.4,3 X ,*( I N ) ’/
1 40X,*STROKE*,13X,E12.4,3X,*( I N ) ’/
2 40X,'COMPRESSION RATIO*,2X,E12.4/
3 4 0 X , ’S P E E D ’,14X,E12.4,3X,'( RP M) ’/
4 4 0 X , ’IGNITION T I M I N G ’,4X,E12.4 ,3X,’( DE G) '/)
W R I T E (5,204)M
204 F OR MA T (4 0 X, ’F U E L ',10X , ’M ’,13)
W R I T E (5,203) A N ,A M ,A L ,A K ,F
203 FOR MA T (4 0 X, ’FUEL A N A LY S IS ’/
1 5 3 X , 'C ’,5X,E12.4/53X,* H ',5XE12.4/53X,’0 ’ ,5X,E12.4/53X,’
2 ,5X,E12.4/40X,’EQUIVALENCE R A T I O ’ ,2 X ,E12.4//)
W R I T E ( 5 ,101)
101 F O R M A T (4 0 X, ’C A L C U L A T E D  V A L U E  S ’/ / 3 X , ’I',
16X , ’T H E T A ’ ,12X, ’P ', 12 X , ’T U ’,12X,’T B ’,12X , 'M B ’ ,12X,’V ’ ,13X
2 , ’V B *,11X ,’M B / M ’/ 1 0 X , ’( D E G ) ’,8X,’( LBF/IN2)',6X,’(DEG R ) ’,7X,
3 ' (DEG R ) ’,8X,’( L B ) ’,9X,’( I N 3 ) 1,1 O X ,’( I N 3 ) 1)
1=1
WRI TE C 5 , 102)I,THETA,AP(I),TU(I),TB(I),AMB(I),V(I),VB(I)
1 ,A M C (I )
102 F O R M A T (1X,1 3 ,8(2X,E12.4))
601 CONTINUE
C
C ****x CALCULATE TEMPERATURE AT EACH STEP IN CRANK ANGLE 
DO 10 1=2,N 
P=AP(I)
IF(PMAX-P) 4444,4445,4445
4444 PMAX=P 
PMTHT A =T H ET A+ 1 .0
4445 CONTINUE
TH ET A =TH ET A+DTH ET A
CALL STEP(AP(I-1) ,TU(I-1) ,TB(I-1) ,AMB(I-1) ,VB(I-1) ,V(I-1),
1A P ( I ) ,TU(I),TB(I),A M B ( I ) ,VB(I),V(I),THETA,IRR,I,RF(I),HCYL) 
IF(IRR.NE.O) GO TO 910 
I F( VB ( I )-8.2 E - 0 6 ) 4510,4510,4520 
4520 IF(INDEL) 4530,4530,4510 
4530 TDELAY=THETA-THETAI 
INDEL=1
4510 I F (THETA.LE.THETAI) GO TO 4500
CALL SPEEDS(TU(I),IRR,IND,RF(I),R F (1— 1 ) ,HCYL,DELT,TA(I), 
1 AMB(I),AMB(I-1) ,SL(I),SP(I),ST(I),SE(I))
IF(IRR.NE.O) GO TO 910 
4500 A M C ( I ) = A M B ( I ) / ( A F R + 1 J / A M I X  
DAMC(I)=AMC(I)-AMC(I-1)
I F (D A M C (I )- D M M A X )2000,2000,2010 
2010 DMMAX=DAMC(I)
TMMAX=THETA 
-2000 CONTINUE
I F(AMC(I)-0.01) 490,451,451
451 I F ( I N D 1) 4 52 ,452,450
452 PER1=THETA-THETAI 
IND1=5
GO TO 450 
490 PER1=0.0
450 IF(AMC(I)-0.5) 492,454,454
454 IFCIND2) 455,455,453
455 PER2=TH ET A-TH ET AI 
IND2=5
GO TO 453 
492 PER2=0.0
453 CONTINUE
I F( AM C (I ) -1 .) 500,500,510
500 CONTINUE
IF(NNN-1) 602,602,603
602 CONTINUE
W R I T E ( 5 ,102) I,THETA,AP(I),TU(I),TB(I),AMB(I),V(I),VB(I)
1,AMCC I)
603 CONTINUE
IFCI.LT.101) GO TO 20 
W R I T E C 4 ,301) AMC(I)
301 FORMAT(E12.4)
20 IF (IERR.NE.O) GO TO 900 
10 CONTINUE
W R I T E (5,551) NNN 
DO 607 M N = 1 ,31 
A D E G = - 4 0 .+5.*FLOAT(M N )
IK=81+5*MN
W R I T E C 5 ,608) MN,ADEG,AMCC I K ) ,AMC (I K +1 ) ,AMC(IK+2)
1,A M C (IK+ 3 ),A M C (IK+ 4 )
6081 F O R M A T (' BURNING RATE PU/CA ',5(2X,E12.4))
W R I T E (5,6081)DAMC(IK),DAMC(IK+1) ,DAMC(IK+2),DAMC(IK+3), 
1DAMCCIK+4)
WRITE(5,6082)SL(IK),SL(IK+1),SL(IK+2),SL(IK+3),
1SLCIK+4)
6082 F O R M A T ( 1 SL SPEED F T / S ’ ,5(2X,E12.4))
WRITEC5,6083)SP(IK),SP(IK+1) ,SP(IK+2),SP(IK+3),SP(IK+4)
6083 F O R M A T (* SP SPEED F T / S ’,5(2X,E12.4))
W R I T E C 5 ,6084)ST(IK),ST(IK+1) ,ST(IK+2),ST(IK+3),ST(IK+4)
6084 F O R M A T ( ’ ST SPEED FT/S*,5(2X,E12.4))
608 F O R M A T (1X ,13,2 X ,6(2 X ,E12.4))
W R I T E (5,6085) TA(IK),TA(IK+1) ,TA(IK+2),TA(IK+3)
1 ,TA(IK+4)
6085 F O R M A T ( ’ FLAME TEMPERATURE ',5(2X,E12.4)//)
607 CONTINUE
MN=32
ADEG=120.
W R I T E C 5 ,609) MN,ADEG,AMCC241)
609 F O R M A T (1X ,13,2(2 X ,E12.4)//)
W R I T E (5,6100) P M A X ,PMTHTA
6100 F O R M A T C 3 0 X , ’MAXIMUM CYCLE PRESSURE ’ ,E12.4,' LB/IN2',
14X,'AT 1,El2.4, ’D E C / )
W R I T E (5,6110) PER1,PER2 
6110 F OR M A T ( 3 0 X , ’MASS BURNT: 0- 1% *,E 1 2 . 4 ,1 0 - 5 0 % 1,E12.4/)
IFCPER2) 6170,6170,6140 
6140 PER3=50./PER2
W R I T E (5,6120) PER3 
6120 FORMAT(30X,'COMBUSTION RATE (%/DEG CA) f,E12.4)
PER4 = PER3*AMC(241)/PER1 ■
W R I T E (5,6150) PER4 
6150 F O R M A T ( 3 0 X , ’COMBUSTION QUALITY FACTOR »,E12.4///)
6170 WRITE(5,6160) DMMAX,TMMAX
6160 F O R M A T ( 3 0 X , ’MAX COMBUSTION R A T E ' ,E 1 2 . 4 ,' AT ’,E 1 2 . 4 ,' DEG') 
W R I T E (5,6190) TDELAY 
6190 FORMAT(30X,'DELAY . DEG C A ' ,E12..4//)
MMM=MMM+'1"
B P M A X (M M M )= PMAX 
BPTHTA(MMM)=PMTHTA 
B M B M A X (M M M )=A M C (241)
B M B R A T (M M M )=DMMAX 
BMBTHE(MMM)=TMMAX 
BTIM10(MMM)=PER1 
BTIM50(MMM)=PER2 
530 CONTINUE
930 CALL OUTSUM(REV,MCYCL,ZA,ZB,ZC)
- STOP 
C## #* # e r RO r MESSAGES 
900 W R I T E ( 5 ,70) IERR,AN,AM,AL,AK,F,T,P,KLO
70 FORMAT(VOX,*SUBROUTINE PER FAILED. ERROR CODE I S ' ,1^ / i u a ,1 u j n u i i x u  
1NS OF FAILURE (AN,AM,AL,AK,F,T,P,KLO) A R E 1 ,7F10.2,I5)
GO TO 940
C
910 W R I T E (5,71) IRR
71 F O R M A T (1O X , ’SUBROUTINE PROPCH FAILED. IRR =',13)
940 MCYCL=NCYCL-1
IF(NNN-NCYCL) 920,930,930 
END
C
c-------------------- _-----------------------------------------------------------------------------------
c
SUBROUTINE V OL ( T H E T A ,V , D V T )
CALCULATES THE VOLUME AND DERIVATIVE DVT AT THETA DEGREES 
C
C OMMON/ENG/BORE,S T R K ,C O N N ,V S ,V C ,C R ,C N X ,V M ,R E V ,T W ,T H E T A I ,P O ,TO 
A NG =T H ET A *3 .142/180.
B = 2 .0*C0NN/STRK
C = 3 .142*BORE**2.0 * S T R K / 8 .0
S = S Q R T (B*B-SIN(A NG)*SIN(ANG))
V=VC+C*(1.0+B-S-C0S(ANG))
O M E G A = 3 .142* RE V /3 0 .
D V T = C * ((0.5 *SIN(2.0 * A N G )/S )+SIN(A N G ))*OMEGA
RETURN
END
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C
SUBROUTINE HTFR(P,T,V,BMB,R,IND,DQT,I,RFLAME,HCYL)
CALCULATES THE HEAT TRANSFER INTO THE SYSTEM
C
C
C OM MO N /E N G/ BO R E ,S T R K ,C O N N ,V S ,V C ,C R ,C N X ,V M ,R E V ,T W ,T H E T A I ,P O ,TO 
1 ,V0
COM MON/RDGS/AP(361),T U (361),T B ( 361),AMB ( 361),VBQ(361),V Q ( 361)
C HEAT TRANSFER COEFFICIEENT (BTU/FT2 HR DEG R)  WOSCHNI
C
IF(I-2) 190,190,191 
190 ACB=0.0 
APBrO.O
191 IF (I.LE.121) GO TO 100 
IJ = I—2*(1— 121)
PO= AP ( IJ )
GO TO 110 
100 PO=AP(I)
110 A = (B O R E * .0254)**0.2 
A=1./A
B=(P/14.223)**.8 
C=(T/1.8)**.53 
C=1./C
IF(P.LE.PO) GO TO 40 
D = 3.24 * VS* (T O / 1.8) * (P- P O ) / PO/ V O / 1000.0 
GO TO 50 
40 D = 0 .0
50 D=D+2.28*(VM*0.0254)
E=D**0.8
H=110.0*A*B*C*E
H=H*0.204816
H C Y L = 4 .* V / 3 .14 2 / B O R E* * 2 .
C
C HEAT TRANSFER RATES (BTU/S)
GO TO ( 10 ,2 0 ) ,IND 
C BURNED ZONE
20 VB=BMB*R*T*778.*12./P
RFL AM E r (3.* V B / 2 ./3.142)**0.3333 
I F (H CY L - R F L A M E ) 140,140,150
o 
o 
o
a ro = j5  . i " v. n ri_ann." n r i_.nric .-nui L ."n u i l . j
GO TO 60 
150 APB=0.
60 A C B = 3 .142*RFLAME**2.
D Q T = H * (A PB+ACB)*(T W - T )/144./3600.
RETURN 
C UNBURNED ZONE 
10 A P U = 3 •142/2.*B0 RE * *2 .-ACB-APB 
ASU=V*4./BORE
D Q T r H * (APU +A S U )*(T W - T )/144./3600.
RETURN
END
C
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SUBROUTINE D AT AI N (T H E T A ,D T H E T A ,N ,A M I X ,N N N ,A F R )
COMMON/RDGS/AP(361), TU (361), TB( 361), AMB( 361), VB( 361), V( 361) 
C OMMON/ENG/BORE,S T R K ,C O N N ,V S ,V C ,C R ,C N X ,V M ,R E V ,T W ,T H E T A I ,P O ,TO 
COMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQ(1 2) ,XPA,XF(5) 
C ****#sUBROUTINE DATAIN READS IN THE INTIAL DATA 
C ENGINE DATA
DATA B O R E ,S T R K ,CON N/ 3-45,4.72,9.055/
C INLET DATA
DATA T U( 1),TW/550.,1300.0/
IFCNNN-1) 500,500,510 
C FUEL DATA 
500 W R I T E (1,200)
200 F OR MA T (3 0 X, ’ENTER FUEL DATA M=')
R E A D ( 1,201) M
201 FORMATCI3)
204 FORMATCE12.4)
W R I T E (1,210)
210 F O R M A T (3 0 X, ’COMPRESSION RATIO C R = ')
R E A D (1,204) CR 
W R I T E (1,220)
220 FORMAT(30X,'SPEED RPM REV=')
R E A D (1,204) REV 
W R I T E (1,230)
230 F O R M A T (30X,'IGN TIMING -DEG BTDC THETAI::1)
R E A D ( 1,204) THETAI 
W R I T E (1,240)
240 F O R M A T ( 3 0 X , ’ AIR FLOW LB/HR')
R E A D ( 1,204) AIR 
W R I T E (1,250)
250 F O R M A T ( 3 0 X , ’ FUEL FLOW L B / H R ’)
R E A D ( 1,204) FUEL 
AMIXzFUEL/REV*2./60.
AFR=AIR/FUEL 
510 W R I T E (1,205) NNN
205 F O R M A T ( ’ CYCLE NO ’ ,12)
C PRESSURE READINGS
N=241
D01 KK=1,N 
R EA D( 6 , 101) AP(KK)
101 FORMAT(F6.2)
1 CONTINUE 
T HE TA=-120.0 
D T H E T A = 1 .0
V S = 3 -14 2* BO R E* * 2 .0 * S T R K / 4 .
V C = V S / ( C R - 1 .)
VM=REV*STRK/15.
RETURN
END
SUBROUTINE EQMD(JDR) EQM 10
C DEVELOPED BY CHERIAN OLIKARA, GARY L. BORMAN EQM 30
C UNIVERSITY OF WISCONSIN, MADISON VERSION APRIL 1974 EQM 40
C EQM 50
COMMON /BLOC/M,AN,AM, AL, AK, PHI, T, P, KLO, IERR, EQM 60
1 X1,X2, X3, X 4 , X5, X6, X7, X8, X9, X10, X11,X12,X13,XF(5) EQM 70
COMMON /TAB/ DX1T, DX2T, DX3T, DX4T, DX5T, DX6T, DX7T, DX8T, DX9TEQM 80
1, DX10T, DX11T, DX12T, DX1P, DX2P, DX3P, DX4P, DX5P, DX6P, DX7P, EQM 90
1 DX8P, DX9P, DX10P, DX11P, DX12P, DX1F, DX2F, DX3F, DX4F, DX5F, EQM 100
1 DX6F, DX7F, DX8F, DX9F, DX10F, DX11F, DX12F EQM 110
DIMENSION A(4 , 4 ) ,B(4),C(4,3) EQM 120
DATA J F , P R E C / O ,1.OE-3/ EQM 130
I F ((T — 1080.)*(7200.-T)) 102,105,105 EQM 140
102 IERR=1 EQM 150
GO TO 710 EQM 160
C EQM 170
C ** SECTION 100 CALCULATES THE CONSTANTS USED IN THE SUBROUTINE. EQM 180
C EQM 190
105 R0=(A N + O .25*A M - 0 .5*A L )/PHI EQM 200
R=R0+0.5*AL EQM 210
R1rR0*3.7274+0.5*AK EQM 220
R2=RO*0.0444 EQM 230
IF(R.GT.0.5*AN) GO TO 110 EQM 240
IERR=2 EQM 250
GO TO 710 EQM 260
110 D1zAM/AN EQM 270
D2=2.0*R/AN EQM 280
D3=2.0*R1/AN EQM 290
D4=R2/AN EQM 300
C EQM 310
C THE EQUILIBRIUM CONSTANTS WERE CURVE FITTED (LEAST SQUARES) IN THEEQM 320
C RANGE 600 TO 4000 DEG K (1080 TO 7200 DEG R) FROM DATA IN JANAF EQM 330
c THERMOCHEMICAL TABLES, SECOND EDITION (1971). EQM 340
c EQM 350
115 SQPzSQRT(P / 14.696) EQM 360
TAr0.005*T/9.0 EQM 370
ALTA=ALOG(TA) EQM 380
TAIN=1.O/TA EQM 390
TASQ=TA*TA EQM 400
C 1 z ( 10.0**(0.432168*ALTA-11 .2464*TAIN+2.67269-0.745744E-01*TA EQM 410
1+0.242484E-02*TASQ))/SQP EQM 420
C2z(10.0**(0.310805*ALTA-12.9540*TAIN+3.21779-0.738336E-01*TA EQM 430
1+0.344645E-02*TASQ))/SQP EQM 440
C 3 = ( 10.0**(0.389716 * A L T A - 2 4 .5 8 2 8 * T A I N + 3 .14505-0.9 63730E-01*TA EQM 450
1+0.585643E-02*TASQ))/SQP EQM 460
C 5=10.0**(-0.141784*A L T A - 2 .13 30 8* T AI N +0 .853461+0.355015 E - 0 1*TA EQM 470
1-0.310227E-02*TASQ) EQM 480
C7=10.0**(0.150879E-01*ALTA-4.70959*TAIN+0.646096+0.272805E-02*TA EQM 490
1-0.154444E-02*TASQ) EQM 500
C 9 = ( 10.0**(-0.752364*ALTA+12.4210 * T A I N - 2 .60286+0.259556*TA . EQM 510
1-0.162687E-01*TASQ))*SQP EQM 520
C10z(10.0**(-0.415302E-02*ALTA+14.8627*TAIN-4.75746+0.124699*TA EQM 530
1-0.900227E-02*TASQ))*SQP EQM 540
c EQM 550
c ** SECTION 200 DECIDES WHETHER OR NOT TO MAKE A NEW ESTIMATE EQM 560
c OF X4,X6,X8 AND X 1 1 . EQM 570
c EQM 580
IF(KL0-1) 305,205,410 EQM 590
205 IF(JF.EQ.O) GO TO 305 EQM 600
IF(ABS(PHI-PHIPR).GT.1.0E-6) GO TO 305 EQM 610
IF(ABS(T/TPR-1.0).GT.0.02) GO TO 305 EQM 620
IF(ABS(P/PPR-1.0).GT.0.05) GO TO 305 EQM 630
X4=X4PR EQM 640
X6=X6PR EQM 650
X8=X8PR EQM 660
c EQM 690
C **SECTION 300 CAN MAKE AN INITIAL ESTIMATE OF X4,X6,X8 AND X I I . EQM 700 
C EQM 710
305 IF(PHI.GT.1.0) GO TO 310 EQM 720
PAR=1.0/(R+R1+R2+0.25*AM) EQM 730
GO TO 315 EQM 740
310 PAR=1.0/(R1+R2+AN+0.5*AM) EQM 750
315 FUN1=2.0*AN*C10 EQM 760
FUN2=0.5*AM*C9 EQM 770
FUN3=2.0/PAR EQM 780
FUN4=2.0*R EQM 790
0 X = 1 .0 EQM 800
320 SQOX=SQRT(OX) EQM 810
F0X=(FUN1*SQ0X+AN)/(1 .0+C10*SQOX)+FUN2*SQOX/(1 .0+C9*SQOX) EQM 820
1+FUN3*OX-FUN4 EQM 830
IF(FOX) 325,330,335 EQM 840
335 0X=0.1*0X EQM 850
IF(OX.GE.1 .0E-30) GO TO 320 EQM 860
IERR=3 EQM 870
GO TO 710 EQM 880
325 IND=1 EQM 890
327 F O X = (F UN 1* SQ OX+AN)/( 1 .0+C10*SQ0X)+FUN2*SQ0X/(1 .0+C9*SQ0X) EQM 900
1+FUN3*OX-FUN4 EQM 910
D A X 1=0.25 *FUN1/(S Q O X * (1.0+ C 10 * S Q 0 X ))
D A X 2 = 0 .5 *FUN2/(S Q O X * ( 1 .0+C9*SQ0X))
D0X=DAX1/(1 .0+C10*SQ0X)+DAX2/(1 .0+C9*SQ0X)+FUN3
RAT=FOX/DOX EQM 940
OX=OX-RAT EQM 950
SQOX=SQRT(OX) EQM 960
IF(ABS(RAT/OX).LE.1 .OE-2) GO TO 330 EQM 970
IND=IND+1 EQM 980
IF(IND.LE.20) GO TO 327 EQM 990
330 X 4= 0. 5 *A M *P AR / O. 0+ C 9* S Q0 X)  EQM 1000
X6=AN*PAR/(1 .0+C10*SQ0X) EQM 1010
X8rOX EQM 1020
X 1 1=R1*PAR EQM 1030
C EQM 1040
C ** SECTION 400 CALCULATES THE ELEMENTS OF THE MATRIX OF L IN EA R IS E DE QM  1050
C EQUATIONS. EQM 1060
C EQM 1070
410 IND=1 EQM 1080
NCALL=0 EQM 1090
455 SQX4=SQRT(X4) EQM 1100
SQX8=SQRT(X8) EQM 1110
S Q X 1 1=SQRT(X11) EQM 1120
X1=C1*SQX4 EQM 1130
X2=C2*SQX8 EQM 1140
X3=C3*SQX11 EQM 1150
X5=C5*SQX4*SQX8 EQM 1160
X7-C7*SQX11*SQX8 EQM 1170
X9=C9*X4*SQX8 EQM 1180
X10=C10*X6*SQX8 EQM 1190
460 T14=0.5*C1/SQX4 EQM 1200
T28=0.5*C2/SQX8 EQM 1210
T311=0.5*C3/SQX11 EQM 1220
T54=0.5*C5*SQX8/SQX4 EQM 1230
T58=0.5*C5*SQX4/SQX8 EQM 1240
T78=0.5*C7*SQX11/SQX8 EQM 1250
T711=0.5*C7*SQX8/SQX11 EQM 1260
T94=C9*SQX8 EQM 1270
T98=0.5*C9*X4/SQX8 EQM 1280
T106=C10*SQX8 EQM 1290
T108=0.5*C10*X6/SQX8 EQM 1300
A ( 1 f1)=T14+2.0+T54+2.0*T94 EQM 1310
o 
o 
o 
o
A(1,4)=0.0 EQM 1340
A(2,1)=T54+T94 EQM 1350
A(2,2)=(1.0+2.0*T106)-D2*(1.0+T106) EQM 1360
A(2,3)=(T28+T58+T78+2.0+T98+2.0*T108)-D2*T108 EQM 1370
A(2,4)=T711 EQM 1380
A(3,1)=0.0 EQM 1390
A(3,2)=-D3*(1 .0+T106) EQM 1400
A ( 3,3)=T78-D3*T108 EQM 1410
A(3,4)=T311+T711+2.0 EQM 1420
A(4,1)=T14+1.0+T54+T94 EQM 1430
A(4,2)=1.0+T106+D4*(1.0+T106) EQM 1440
A(4,3)=T28+T58+T78+1.0+T98+T108+D4*T108 EQM 1450
A ( 4 f4 )= T311+T711+1.0 EQM 1460
IFCNCALL.EQ.1) GO TO 810 EQM 1470
B( 1) =-(X1+2.0*X4+X5+2.0*X9)+D1*(X6+X10) EQM 1480
B(2) =-(X 2 + X5 + X6 + X7 +2 .0 * X 8 + X 9 + 2 .0 * X 10)+ D 2 * (X 6 + X 10) EQM 1490
B(3) =-(X3+X7+2.0*X11)+D3*(X6+X10) EQM 1500
B(4) =— (X 1+X2+X3+X4+X5+X6+X7 +X8 +X 9 +X 10 + X 11+D4 *(X 6 + X 10))+1.0 EQM 1510
EQM 1520
**SECTION 500 SOLVES THE MATRIX EQUATION BY GAUSSIAN ELIMINATION. EQM 1530
ROWS ARE INTERCHANGED ONLY IF THE PIVOT POINT IS SMALLER THAN E-05EQM 1540
EQM 1550
DO 505 K = 1 ,3 EQM 1560
K P U K + 1  EQM 1570
BIG=ABS(A(K,K)) EQM 1580
IF(BIG.GE.1 .0E-05) GO TO 520 EQM 1590
IBIG=K EQM 1600
DO 510 I = K P 1 ,4 EQM 1610
IF(ABS(A(I,K ) ) .LE.BIG) GO TO 510 EQM 1620
BIG=ABS(A(I,K)) EQM 1630
IBIG=I EQM 1640
510 CONTINUE EQM 1650
IF(BIG.GT.O.) GO TO 512 EQM 1660
IERR=4 EQM 1670
GO TO 710 EQM 1680
512 IF(IBIG.EQ.K) GO TO 520 EQM 1690
DO 515 J=K,4 EQM 1700
TERM=A(K,J) EQM 1710
A(K,J)=A(IBIG,J) EQM 1720
A(IBIG,J)=TERM EQM 1730
515 CONTINUE EQM 1740
TERM=B(K) EQM 1750
B(K)=B(IBIG) EQM 1760
B(IBIG)=TERM EQM 1770
520 DO 525 I = K P 1 ,4 EQM 1780
T ER M= A (I , K) /A ( K fK) EQM 1790
DO 530 J=KP1,4 EQM 1800
A (I ,J)=A(IfJ ) - A ( K fJ)*TERM EQM 1810
530 CONTINUE EQM 1820
B(I)=B(I)-B(K)*TERM EQM 1830
525 CONTINUE EQM 1840
505 CONTINUE EQM 1850
IF(ABS(A(4,4)).GT.O.) GO TO 550 EQM i860
IERR=4 EQM 1870
GO TO 710 EQM 1880
550 B(4)=B(4)/A(4,4) EQM 1890
B(3)=(B(3)-A(3,4)*B(4))/A(3,3) EQM 1900
B(2 )= ( B( 2 )- A( 2 f3 ) * B ( 3 ) - A ( 2 f4 ) « B ( 4 ) ) / A ( 2 f2) EQM 1910
B(1)=(B(1)-A(1,2)*B(2)-A(1,3)*B(3)-A(1,4)*B(4))/A(1,1) EQM 1920
EQM 1930
C **SECTION 600 CORRECTS THE ESTIMATES OF THE VARIABLES AND EQM 1940
C CHECKS PRECISION. EQM1950
C EQM 1960
602 NCK=0 EQM 1970
o 
o 
o 
o
X6=X6+B(2)
IF(ABS(B(2)/X6 ).GT.PREC) NCK=1 
X8=X8+B(3)
IF(ABS(B(3)/X8 ) .GT.PREC) NCK=1 
X11=X11+B(4)
IF(ABS(B(4)/X11 ) .GT. PREC) NCK=1
IF((X4.GT.0.0).AND.(X8.GT.0.0).AND.CX11.GT.O.O)) GO TO 620 
IERR=5 
GO TO 710 
620 IF(NCK.EQ.O) GO TO 625 
IF(IND.LT.25) GO TO 622 
IERR=6 
GO TO 710 
622 IND=IND+1 
GO TO 455 
625 IFCX6.GE.0.0) GO TO 702 
IERR=5 
GO TO 710
** SECTION 700 CALCULATES THE REMAINING MOLEFRACTIONS.
702 IERR=0 
JF=1
PHIPRrPHI 
TPR=T 
PPR=P 
X4PRrX4 
X6PRrX6 
X8PRrX8 
X11PR=X11 
SQX4=SQRT(X4)
SQX8=SQRT(X8)
SQX11=SQRT(X11)
X1=C1*SQX4 
X2rC2*SQX8 
X3=C3*SQX11 
X5=C5*SQX4*SQX8 
X7=C7*SQX11*SQX8 
X9=C9*X4*SQX8 
X10=C10*X6*SQX8 
X13=(X6+X10)/AN 
X12=R2*X13
IFCJDR-1) 725,800,800 
725 RETURN 
710 JF=0 
RETURN
** SECTION 800 CALCULATES THE ELEMENTS OF THE MATRIX OF THE 
PARTIAL DIFFERENTIAL EQUATION.
800 NCALL=1 
GO TO 460 
810 ZZ=AL0G(10.)*0.005/9.
DC1T=X1*ZZ*(.432168*TAIN+11.2464/TASQ-.745744E-1+.484968E-2*TA) 
DC2T=X2*ZZ*(.310 80 5 *TAIN+12.9540/TASQ-.738336E-1+.689290E-2*TA) 
D C3T=X3*ZZ*(.3897l6*TAIN+24.5828/TASQ-.963730E-1+1.171286E-2*TA) 
D C5 T=X5*ZZ*(-.141784*TAIN+2.13308/TASQ+.355015E-1-.620454E-2*TA) 
D C7 T= X 7* Z Z* ( .150879E— 1* TA IN + 4 .70959/TASQ+.272805E-2-.308888E-2*TA)EQM 2570 
DC9T=X9*ZZ# (-.752364*TA IN - 12.4210/TASQ+.259556-.325374E-1*TA) EQM 2580
DC 10 T= X10*ZZ*(-.415302E-2*TAIN-14.8 62 7/ T AS Q + .124699-.018 0 0 4 5 4 * T A ) EQM 2590
PP2=.5/P EQM 2600
DC1P=-X1*PP2 EQM 2610
DC2P=-X2#PP2 EQM 2620
DC3P=-X3*PP2 EQM 2630
EQM 2000
EQM 2020 
EQM 2030 
EQM 2040 
EQM 2050 
EQM 2060 
EQM 2070 
EQM 2080 
EQM 2090 
EQM 2100 
EQM 2110 
EQM 2120 
EQM 2130 
EQM 2140 
EQM 2150 
EQM 2160 
EQM 2170 
EQM 2180 
EQM 2190 
EQM 2200 
EQM 2210 
EQM 2220 
EQM 2230 
EQM 2240 
EQM 2250 
EQM 2260 
EQM 2270 
EQM 2280 
EQM 2290 
EQM 2300 
EQM 2310 
EQM 2320 
EQM 2330 
EQM 2340 
EQM 2350 
EQM 2360 
EQM 2370 
EQM 2380 
EQM 2390 
EQM 2400 
EQM 2410 
EQM 2420 
EQM 2430 
EQM 2440 
EQM 2450 
EQM 2460 
EQM 2470 
EQM 2480 
EQM 2490 
EQM 2500 
EQM 2510 
EQM 2520 
EQM 2530 
EQM 2540 
EQM 2550 
EQM 2560
o 
o 
o 
o
D5AN=-R0*X13/PHI 
DD4F=0.0444*D5AN
C (1,1) =-( DC 1T + D C 5 T + 2 .* DC9T-D1* DC 10 T )
C (2,1)=-(DC2T+DC5T+DC7T+DC9T+(2.- D 2 )* D C 1O T )
C (3,1)=-(DC3T+DC7T-D3*DC1O T )
C ( 4 ,1)=-(DClT+DC2T+DC3T+DC5T+DC7T+DC9T+(1 .+D4)*DC10T)
C(1,2)=-(DC1P+2.*DC9P-D1*DC10P)
C(2,2)=-(DC2P+DC9P+(2.-D2)*DC10P)
C(3,2)=-(DC3P-D3*DC10P)
C (4,2)=-(DC 1P+DC2P+DC3P+DC9P+(1 .+D4)#DC10P)
C ( 1 ,3)=0.
C(2,3)=2.*D5AN
C(3,3)=7..4548*D5AN
C(4,3)=-DD4F
** SECTION 900 SOLVE THE MATRIX EQUATION BY GUASSIAN ELIMINATION 
USING MAXIMUM PIVOT STRATEGY.
DO 905 K = 1 ,3 
KP1=K+1
AMAX=ABS(A(K,K))
MAX=K
DO 910 I = K P 1 ,4
IF(ABS(A(I,K)).LE.AMAX) GO TO 910 
AMAX=ABS(A(I,K))
MAX=I 
910 CONTINUE
IF(AMAX.GT.O.O) GO TO 912 
IERR=7 
GO TO 710 
912 IF(MAX.EQ.K) GO TO 950 
DO 915 J = M  
TERM=A(K,J)
A(K,J)=A(MAX,J)
A(MAX,J)=TERM 
915 CONTINUE 
DO 920 Jrl ,3 
TERM=C(K,J)
C(K,J)=C(MAX,J)
C(MAX,J)=TERM 
920 CONTINUE 
950 DO 925 I=KP1
T E R M = A ( I ,K)/A(K,K)
DO 930 J = K P 1 ,4 
A ( I fJ)=A(I,J)-A(K,J)*TERM 
930 CONTINUE 
DO 935 J = 1 ,3
C ( I fJ)=C(I,J)-C(K,J)#TERM 
935 CONTINUE 
925 CONTINUE 
905 CONTINUE
IF(ABS(A(4,4)).GT.0.0) GO TO 938 
IERR=7 
GO TO 710 
938 DO 940 J = 1 ,3
C(4,J)=C(4,J)/A(4,4)
C(3,J)=(C(3,J)-A(3,4)*C(4,J))/A(3,3)
C(2,J)=(C(2,J)-A(2,3)^C(3,J)-A(2,4)*C(4,J))/A(2,2)
C ( 1 fJ ) = (C ( 1, J )- A( 1 f2 ) * C( 2 ,J ) -A ( 1 f3 ) * C ( 3 , J ) - A ( 1 ,4)*C(4,J ) ) / A ( 1,1) 
940 CONTINUE
* *  SECTION 1000 CALCULATES THE PARTIAL DERIVATIVES WITH RESPECT 
TO T, P, PHI RESPECTIVELY AND RETURNS TO THE CALLING PROGRAM.
EQM 2660 
EQM 2670 
EQM 2680 
EQM 2690 
EQM 2700 
EQM 2710 
EQM 2720 
EQM 2730 
EQM 27*10 
EQM 2750 
EQM 2760 
EQM 2770 
EQM 2780 
EQM 2790 
EQM 2800 
EQM 2810 
EQM 2820 
EQM 2830 
EQM 2840 
EQM 2850 
EQM 2860 
EQM 2870 
EQM 2880 
EQM 2890 
EQM 2900 
EQM 2910 
EQM 2920 
EQM 2930 
EQM 2940 
EQM 2950 
EQM 2960 
EQM 2970 
EQM 2980 
EQM 2990 
EQM 3000 
EQM 3010 
EQM 3020 
EQM 3030 
EQM 3040 
EQM 3050 
EQM 3060 
EQM 3070 
EQM 3080 
EQM 3090 
EQM 3100 
EQM 3110 
EQM 3120 
EQM 3130 
EQM 3140 
EQM 3150 
EQM 3160 
EQM 3170 
EQM 3180 
EQM 3190 
EQM 3200 
EQM 3210 
EQM 3220 
EQM 3230 
EQM 3240 
EQM 3250 
EQM 3260 
EQM 3270 
EQM 3280 
EQM 3290
O 
O 
O 
O 
D 
O 
O
D X8T=C(3,1) EQM 3320
D X1 1 T = C ( 4 ,1) EQM 3330
D X4 P= C ( 1,2) EQM 3340
D X 6 P = C (2,2) EQM 3350
DX8P=C(3,2) EQM 3360
DX11P=C(4,2) EQM 3370
D X4 F= C ( 1,3) EQM 3380
DX6F=C(2,3) EQM 3390
DX8F=C(3,3) EQM 3400
DX11F=C(4,3) EQM 3410
DX1T=T14*DX4T+DC1T EQM 3420
DX2T=T28*DX8T+DC2T EQM 3430
DX3T=T311*DX11T+DC3T EQM 3440
DX5T=T54 *DX4T+T5 8*DX8T+DC5T EQM 3450
DX7T=T78^DX8T+T711*DX11T+DC7T EQM 3460
DX9T=T94*DX4T+T98*DX8T+DC9T EQM 3470
D X 10T=T106*DX6T+T108*DX8T+DC1OT EQM 3480
D X 12T=D4 *(D X6 T+ D X 10 T ) EQM 3490
DX1P=T14*DX4P+DC1P EQM 3500
DX2P=T28*DX8P+DC2P EQM 3510
DX3P=T311*DX11P+DC3P EQM 3520
DX5P=T54*DX4P+T58*DX8P EQM 3530
D X7P=T78*DX8P+T711*DX11P EQM 3540
DX9P=T94*DX4P+T98*DX8P+DC9P EQM 3550
DX10P=T106*DX6P+T108*DX8P+DC10P EQM 3560
D X 12P=D4 *(D X 6 P + D X 10 P ) EQM 3570
DX1F=T14*DX4F EQM 3580
DX2F=T28*DX8F EQM 3590
DX3F=T311*DX11F EQM 3600
DX5F=T54*DX4F+T58*DX8F EQM 3610
DX7F=T78*DX8F+T711*DX1IF EQM 3620
DX9F=T94*DX4F+T98*DX8F EQM 3630
DX10F=T106*DX6F+T108*DX8F EQM 3640
DX12F=D4*(DX6F+DX10 F )+DD4 F EQM 3650
RETURN EQM 3660
END EQM 3670
SUBROUTINE PER(JDR)
DEVELOPED BY CHERIAN OLIKARA, GARY L. BORMAN 
UNIVERSITY OF WISCONSIN, MADISON VERSION MAY 1974
COMMON /BLOC/M,AN,AM,AL,AK,PHI,T,P,KLO,IERR,X(13),XF(5)
COMMON /TAB/ D X T ( 1 2) ,DXP(1 2 ) ,DXF(12)
COMMON /PROP/ A V M ,R ,H ,U ,D R T ,D H T ,D U T ,D R P ,D H P ,D U P ,D R F ,D H F ,DUF 
DIMENSION S H ( 1 2 ) ,SM(1 2 ) ,HT(351) ,CT(351)
DATA S M / 1 .008,16.000,14.008,2.016,17.007,28.011,30.008,31.999,
PER
PER
PER
PER
PER
PER
PER
PER
PER
118.016,44.010,28.013,39. 944/ PER
DATA HT/ 62.141 62.645, 63.147 63.649 64 .149 64.648 65.148, PER
1 65.646, 66.145 66.643, 67.141 67.639 68 .137 68.635 69.133, PER
1 69.631, 70.129 70.626, 71.124 71.623 72 .121 72.620 73.119, PER
1 73.619, 74.119 74.620, 75.121 75.623 76 .126 76.630 77.134, PER
1 77.640, 78.146 78.654, 79.162 115.501 115 .997 116.494 116.991, PER
1117.488, 117.985 118.482, 118.978 119.475 119 .972 120.469 120.966, PER
1121.462, 121.959 122.456, 122.953 123.450 123 .947 124.445 124.942, PER
1125.440, 125.939 126.438, 126.937 127.438 127 .940 128.442 128.9^7, PER
1129.452, 129.960 130.470, 130.981 131.496 132 .013 132.532 4.130, PER
1 4.832, 5.538 6.250, 6.968 7.694 8 .428 9.172 9.926, PER
1 10.692, 11.470 12.257, 13.054 13.860 14 .675 15.499 16.331, PER
1 17.170, 18.017 18.872, 19.732 20.599 21 .472 22.350 23.234, PER
1 24.122, 25.016 25.915, 26.818 27.727 28 .640 29.559 30.481, PER
1 31.409, 32.341 13.618, 14.326 15.037 15 .756 16.484 17.223, PER
10
20
30
40
50
60
70
80
90
PER 100
1 d H O J U i
31.143, 32
. IU£ 
.016
cu
32
• \J\J 1 
.892
cu j
33.772
£-1 . ,
34.655, 35.541, 36.430 37.322, PER 280
38.216, 39 .113 40 .013 40.915 41.819, -22.991, -22.255 -21.501, PER 290
-20.731, -19 .945 -19 .145 -18.334 -17.512, -16.682, -15.843 -14.998, PER 300
-14.148, -13 .292 -12 .431 -11.567 -10.698, -9.827, -8.953 -8.076, PER 310
-7.197, -6 .315 -5 .432 -4.546 -3.659, -2.771, -1.880 -.989, PER 320
-.096, .799 1 .694 2.591 3.489, 4.388, 5.288 6.188, PER 330
25.839, 26 .595 27 .369 28.160 28.966, 29.784, 30.613 31.451, PER 340
33.297, 33 .149 34 .007 34.870 35.737, 36.608, 37.482 38.359, PER 350
39.240, 40 .122 41 .007 41.894 42.782, 43.673, 44.564 45.458, PER 360
46.353, 47 .249 48 .146 49.045 49.944, 50.845, 51.747 52.650, PER 370
53.553, 54 .458 55 .363 4.285 5.063, 5.861, 6.675 7.502, PER 380
8.341, 9 .189 10 .046 10.910 11.781, 12.658, 13.540 14.429, PER 390
15.324, 16 .224 17 .129 18.041 18.957, 19.879, 20.807 21.739, PER 400
22.677, 23 .620 24 .568 25.521 26.478, 27.440, 28.406 29.377, PER m o
30.351, 31 .329 32 .311 33.296 34.284, 35.276, -52.227 -51.346, PER 420
-50.436, -49 .496 -48 .527 -47.526 -46.496, -45.438, -44.352 -43.241, PER 430
-42.106, -40 .949 -39 .772 -38.576 -37.363, -36.134, -34.890 -33.633, PER 440
-32.364, -31 .083 -29 .791 -28.490 -27.180, -25.861, -24.535 -23.201, PER 450
-21.860, -20 .513 -19 .159 -17.800 -16.436, -15.067, -13.693 -12.314, PER 460
-10.931, -88 .640 -87 .482 -86.274 -85.025, -83.743, -82.431 -81.095, PER 470
-79.739, -78 .365 -76 .977 -75.575 -74.162, -72.740, -71.309 -69.870, PER 480
-68.424, -66 .972 -65 .515 -64.053 -62.586, -61.114, -59.639 -58.160, PER 490
-56.678, -55 .192 -53 .703 -52.212 -50.717, -49.220, -47.721 -46.219, PER 500
-44.715, -43 .209 -41 .700 -40.189 4.197, 4.925, 5.668 6.427, PER 510
7.201, 7 .989 8 .790 9.601 10.422, 11.251, 12.087 12.930, PER 520
13.779, 14 .632 15 .490 16.352 17.218, 18.087, 18.958 19.833, PER 530
20.710, 21 .589 22 .470 23.352 24.237, 25.123, 26.011 26.901, PER 540
27.791, 28 .683 29 .577 30.471 31.367, 32.263, 33.161 34.060/ PER 550
DATA CT/ 5 .049 5 .029 5.015 5.006, 4.999, 4.994 4.990, PER 560
4.987, 4 .984 4 .982 4.981 4.979, 4.979, 4.978 4.978, PER 570
4.978, 4 .979 4 .980 4.981 4.984, 4.986, 4.990 4.994, PER 580
4.999, 5 .004 5 .010 5.017 5.025, 5.033, 5.041 5.050, PER 590
5.060, 5 .070 5 .081 5.091 4.968, 4.968, 4.968 4.968, PER 600
4.968, 4 .968 4 .968 4 .968 4.968, 4.968, 4.968 4.968, PER 610
4.968, 4 .969 4 .969 4.969 4.971, 4.972, 4.975 4.978, PER 620
4.982, 4 .987 4 .993 5.001 5.011, 5.022, 5.035 5.050, PER 630
5.067, 5 .086 5 .107 5.130 5.156, 5.183, 5.213 7.009, PER 640
7.036, 7 .087 7 .148 7.219 7.300, 7.390, 7.490 7.600, PER 650
7.720, 7 .823 7 .921 8.016 8.108, 8.195, 8.279 8.358, PER 660
8.434, 8 .506 8 .575 8.639 8.700, 8.757, 8.810 8.859, PER 670
8.911, 8 .962 9 .012 9.061 9.110, 9.158, 9.205 9.252, PER 680
9.297, 9 .342 7 .057 7.090 7.150, 7.233, 7.332 7.439, PER 690
7.549, 7 .659 7 .766 7.867 7.966, 8.053, 8.137 8.214, PER 700
8.286, 8 .353 8 .415 8.472 8.526, 8.576, 8.622 8.665, PER 710
8.706, 8 .744 8 .780 8.814 8.846, 8.876, 8.905 8.933, PER 720
8.959, 8 .984 9 .008 9.031 9.053, 7.276, 7.450 7.624, PER 730
7.786, 7 .931 8 .057 8.168 8.263, 8.346, 8.417 8.480, PER 740
8.535, 8 .583 8 .626 8.664 8.698, 8.728, 8.756 8.781, PER 750
8.804, 8 .825 8 .844 8.863 8.879, 8.895, 8.910 8.924, PER 760
8.937, 8 .949 8 .961 8.973 8.984, 8.994, 9.004 9.014, PER 770
7.466, 7 .655 7 .832 7.988 8.123, 8.238, 8.336 8.419, PER 780
8.491, 8 552 8 .605 8.651 8.692, 8.727, 8.759 8.788, PER 790
8.813, 8 .837 8 858 8.877 8.895, 8.912, 8.927 8.941, PER 800
8.955, 8 .968 8 .980 8.991 9.002, 9.012, 9.022 9.032, PER 810
9.041, 9 .050 9 .058 7.670 7.883, 8.063, 8.212 8.336, PER 820
8.439, 8 527 8 604 8.674 8.738, 8.800, 8.858 8.916, PER 830
8.973, 9 029 9 084 9.139 9.194, 9.248, 9.301 9.354, PER 840
9.405, 9 455 9 503 9.551 9.596, 9.640, 9.682 9.723, PER 850
9.762, 9 799 9 835 9.869 9.901, 9.932, 8.676 8.954, PER 860
9.246, 9. 547 9 851 10.152 10.444, 10.723, 10.987 11.233, PER 870
11.462, 11 674 11 869 12.048 12.214, 12.366, 12.505 12.634, PER 880
12.753, 12. 863 12 965 13.059 13.146, 13.228, 13.304 13.374, PER 890
13-441, 13 503 13 .562 13.617 13.669, 13.718, 13.764 13.808, PER 900
13.850, 11. 310. 11 846, 12.293, 12.667, 12.980, 13.243 13.466, PER 910
1 14.841, 14.873, i 4 ]902’ 14.930, 14.956, 14.982,
• ■ • 1 1 • j 
15.006, 15.030, PER 940
1 15.053, 15.075, 15. 097, 15.119, 7 .196 , 7 .350, 7 .512, 7 .670, PER 950
1 7.815, 7 .945, 8.061, 8.162, 8.252, 8.330, 8.398, 8.458, PER 960
1 8.512, 8.559, 8.601, 8 .638, 8.672, 8.703, 8.731, 8.756, PER 970
1 8.779, 8 .800, 8.820, 8.838, 8.855, 8 .871, 8.886, 8 . 900, PER 980
1 8.914, 8.927, 8 .939, 8 .950, 8.962, 8.972, 8.983, 8 .993/ PER 990
C PER 1000
C SUBROUTINE PER CALLS SUBROUTINE EQMD FOR CALCULATION OF PER 1010
C MOLEFRACTIONS AND THEIR PARTIAL DERIVATIVES. PER 1020
C PER 1030
CALL EQMD(JDR) PER 1040
IF(IERR.NE.O) RETURN PER 1050
C PER 1060
C SECTION 100 CALCULATES AVM, R, H AND U. PER 1070
C PER 1080
TK=T/180. PER 1090
IT=TK PER 1100
FR=TK-FLOAT(I T ) PER 1110
S H (1)=92935.8+4.968*T PER 1120
SH(12)=4.968*T PER 1130
DO 105 1=2,11 PER 1140
IN=35*(I-2)+(IT-5) PER 1150
SH(I)=(HT(IN)+FR*(HT(IN+1)-HT(IN)))*l800. PER 1160
105 CONTINUE PER 1170
A V M = 0 . PER 1180
H = 0 . PER 1190
DO 110 1=1 ,12 PER 1200
AVM=AVM+X(I )* S M (I ) PER 1210
H=H+X(I)*SH(I) PER 1220
110 CONTINUE PER 1230
H=H/AVM PER 1240
R = 1 .987165/AVM PER 1250
U=H-R*T PER 1260
IF(JDR.EQ.O) RETURN PER 1270
C PER 1280
C SECTION 200 CALCULATES THE PARTIAL DERIVATIVES WITH RESPECT TO PER 1290
C T, P AND PHI. PER 1300
C PER 1310
D MT =DXT(1)* S M ( 1)+DXT(12)* S M ( 12) PER 1320
DHT=X(1)*4.968+DXT(1)*SH(1)+X(12)*4.968+DXT(12)*SH(12) PER 1330
D MP =DXP(1)*SM ( 1)+ D X P ( 12)* S M ( 12) PER 1340
D HP =D X P (1)* S H (1)+ D X P (12)* SH (12) PER 1350
DMF rD X F (1)* S M (1)+ D X F (12)* S M (12) PER 1360
DHF =D X F( 1)* S H (1)+ D X F (12)* S H (12) PER 1370
DO 210 1=2,11 PER 1380
IN=35*(I-2)+(IT-5) PER 1390
C P=CT(IN)+ F R * (C T( IN + 1 )- C T ( I N )) PER 1400
D MT=DMT+DXT(I )*SM( I ) PER 1410
D HT=DHT+X(I )* CP+DXT(I )* SH (I ) PER 1420
D MP=DMP+DXP(I )*SM( I ) PER 1430
DHP =D H P+ D XP (I )* SH (I ) PER 1440
DMF=DMF+DXF(I)*SM(I) PER 1450
D HF =D H F+ D XF (I )* SH(I ) PER 1460
210 CONTINUE PER 1470
DRT=-R*DMT/AVM PER 1480
DHT =(DHT -D M T* H )/AVM PER 1490
D U T =DHT-R-D RT *T PER 1500
DRP=-R*DMP/AVM PER 1510
D H P = (DHP-DMP*H)/AVM PER 1520
DUP=DHP-DRP*T PER 1530
DRF=-R*DMF/AVM PER 1540
DHF=(DHF-DMF*H)/AVM PER 1550
DUF=DHF-DRF*T PER 1560
RETURN PER 1570
n
o
n
C
SUBROUTINE PROPCH(TF,AVM,R,H,U,DHT,DUT,IRR)
CALCULATES THE PROPERTIES M,R,U,H AND THE DERIVATIVES DH/DT,DU/DT FOR 
C AN ISO-OCTANE/METHANOL MIXTURE OF EQUIVALENCE RATIO F AT TF DEGREES RANKINE 
C RAJ FEB 1981
DIMENSION AM(5),SH(5),CP(5),HT(32)fCT(32)
COMMON/BLOC/M,AN,AZ,AL,AK,F,T,P,KLO,I E R R ,X EQ ( 12),X P A ,X (5)
DATA AM/ 114.156, 32.037, 31.999, 28.013, 39-944/
DATA HT/-15.050, -9-764, -3.224, 4.366, 12.826, 21.886, 31.586,
1 41.886,-42.71 ,-41.58 ,-40.25 ,-38.73 ,-37.05 ,-35.21 ,-33.26 ,
1 -31.16 , 2.088, 2.799, 3-530, 4.285, 5.036, 5.861, 6.675,
2 7.502, 2.059, 2.782, 3.845, 4.197, 4.925, 5.668, 6.427,
3 7 .201/
DATA CT/ 45.560, 57.360, 68.320, 77.670, 85.660, 92.500, 98.430,
1 103.20, 10.52 , 12.29 , 14.22 , 16.02 , 17.62, 19.04 , 20.29 ,
1 21.38 , 7.023, 7.196, 7.431, 7.670, 7.883, 8.063, 8.212,
2 8.336, 6.961, 6.990, 7.069, 7.196, 7.350, 7.512, 7.760,
3 7.815/
CHECK TEMPERATURE RANGE
IF((TF-540.)*(1800.-TF)) 102,105,105 
102 IRR=1 
RETURN 
105 IRR=0
C SECTION 200 CALCULATES THE PROPERTIES AND DERIVATIVES 
TK=TF/180.
IT=TK
FRzTK-FLOAT(IT)
SH(5)-4.968*TF 
C P ( 5 ) = 4 .968 
DO 200 1=1 ,4 
IN=8*(1— 1 )+(IT-1)
SH(I)=(HT(IN)+FR*(HT(IN+1)-HT(IN)))*1800.
CP(I)=(CT(IN)+FR*(CT(IN+1)-CT(IN)))
200 CONTINUE 
A V M = 0 .
H=0.
DHT=0.
DO 210 1=1 ,5 
A VM=AVM+X(I)* AM (I )
H=H+X(I)*SH(I)
DHT =D H T+ X (I )* CP (I )
210 CONTINUE 
H=H/AVM 
R=1 .987165/AVM 
U=H-R*TF 
DHT=DHT/AVM 
DUT=DHT-R 
RETURN 
END
SUBROUTINE TEMP(TR,IRR,IND,RR)
CALCULATES THE ADIABATIC FLAME TEMERATURE AT CONSTANT PRESSURE 
C
COMMON/PROP/AVM, R, H, U, DRT, DHT, DUT, DRP, DHP, DUP, DRF, DHF, DUF 
COMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQ(1 2 ),XPA,XF(5) 
CALL PROPCH( TR, AVMR, RR, HR, UR, DHTR, DUTR, IRR)
C
IF(IRR.NE.O) GO TO 999 
T=6000.0 
IND=0 
10 IND=IND+1 
CALL PER(1)
DELT=(H-HR)/DHT
T=T-DELT
IF(ABS(DELT).LE.1.) GO TO 999 
IF(IND.LT.25) GO TO 10 
999 CONTINUE 
RETURN 
END
C
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C
SUBROUTINE STEPCP1,TU1,TB1,AMB1,VB1,V1,P2,TU2,TB2,AMB2,VB2,V2, 
1T H E T A ,I R R ,I ,RFLAME,HCYL)
C
CALCULATES T U ,T B ,M B , VB AND V AT THE NEXT INCREMENT IN CRANK ANGLE 
r a  JOHNS - JAN 80
C
COMMO N /P R OP /A V M ,R ,H ,U ,D R T ,D H T ,D U T ,D R P ,D H P ,D U P ,D R F ,D H F ,DUF 
C OMMON/TIME/DTUDT,D T B D T ,D M B D T ,D V B D T ,D V D T ,D Q U D T ,D Q B D T ,D E L T ,AMA 
COMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQC1 2) ,XPA,XF(5) 
COMMO N /E N G/ BO R E ,S T R K ,C O N N ,V S ,V C ,C R ,C N X ,V M ,R E V ,T W ,T H E T A I ,P O ,TO
C
CHAPTER ONE - CALCULATES D P D T ,DVDT AND V, AND SETS THE 
COMBUSTION AND ITERATION INDICATORS 
CALL V O L C T H E T A ,V 2 ,D V D T )
DPDT=(P2-P1)/DELT 
IFCTHETA.LT.THETAI) GO TO 110'
I F C T B 1 .LE.O) GO TO 120 
COMBUSTION
INDCr3 
GO TO 190 
C NO COMBUSTION 
110 INDC=1 
GO TO 190 
C IGNITION POINT 
120 INDC=2 
C SET ITERATION INDICATORS 
190 KK=1
C  OOO O-
C
CHAPTER TWO - CALCULATES VALUES OF TU,TB,MB AND VB 
200 T U 2 = T U 1+DTUDT*DELT
IFCTU2-550.) 710,711,711
710 T U 2 = 5 5 0 .1
711 CONTINUE
GO TO ( 22 0, 220,210),INDC 
COMBUSTION 
210 TB2=TB1+DTBDT*DELT
IFCTB2-7200.) 700,701,701
701 TB2z7190.
700 IFCTB2-1080.) 702,702,703
702 T B 2 = 1080.1
703 CONTINUE 
AMB2=AMB1+DMBDT*DELT 
VB2=VB1+DVBDT*DELT 
GO TO 300
C NO COMBUSTION 
220 TB2=0.
A M B 2 = 0 .
V B 2 = 0 .
C  0 0 0 0-
C
CHAPTER THREE - RECALCULATES THE PROPERTIES AND THEIR DERIVATIVES 
300 CALL PR0PCH(TU2,AVMR,RR,HR,UR,DHTR,DUTR,IRR)
IF(IRR.NE.O) GO TO 900
CALL H T F R ( P 2 , T U 2 , V 2 , A M B 2 , R , 1 ,DQUDT,I,RFLAME HCYL)
GO TO (310,311),KK
310 DTUDT=(DTUDT+DTUDTI)/2.
TU2=TU1+DTUDT*DELT
IF(TU2-550.) 740,741,741
740 TU2=550.0
741 CONTINUE 
GO TO 312
311 DTUDT=DTUDTI
312 GO TO (350,350,320),INDC 
COMBUSTION
320 T=TB2
CALL H TF R( P 2 ,T B 2 ,V 2 ,A M B 2 ,R ,2,D Q B D T ,I ,RFLAME,HCYL)
CALL PER(1)
IF (IERR.NE.O) GO TO 900
A=DUT/R
B = A + 1 .
B = B * ((AMA-AMB2)*RR*DTUDT-P2*DVDT/778./12.)
C::(DPDT*V2/12./778.)*(A+AMB2*DUP*12.*778./V2+(V2-VB2)/V2)
D=B-C+DQBDT
E=U-UR+A*(RR*TU2-R*TB2)
DMBDTI=D/E
IF(DMBDTI) 850,850,860 
C SET MASS BURNT TO ZERO IF DMB/DT IS NEGATIVE 
850 DMB DT =0.
DQBDT=0.
D V B D T = 0 .
DTBDT=0.
GOTO 360 
860 CONTINUE
GO TO (321,322),KK
321 DMBDT =(DMB DT + DM B DT I) / 2 .
AMB2=AMB1+DMBDT*DELT 
GO TO 323
322 DMBDTrDMBDTI
323 D VB DT I n (V 2 - V B 2 )*(D MB DT / (A M A - A M B 2 )-DTUDT/TU2+DPDT/P2)+DVDT 
GO TO (325,326),KK
325 D V B D T =(DVB DT + DV B DT I ) /2.
VB2=VB1+DVBDT*DELT
GO TO 327
326 DVBDTrDVBDTI
327 DTBDTI-TB2*(DPDT/P2-DMBDT/AMB2+DVBDT/VB2)
DFT=0.
GO TO (328,329),KK
328 D TB DT =(DTB DT + DT B DT I )/2.
TB2=TB1+DTBDT*DELT 
IF(TB2-7200.) 721,722,722
722 TB2^7190.
721 I F( TB 2 -1 0 80 .) 724,724,723 
724 T B 2 r 1080.1 
723 CONTINUE 
GO TO 360
329 DTBDTrDTBDTI 
GO TO 360
C NO COMBUSTION 
350 D M B D T = 0 .
D Q B D T = 0 .
DVBDTzO.
DTBDTrO.
360 GO TO (370,380),KK 
370 KK=2
C
C REITERATE FOR 2ND LOOP 
GO TO 300 
380 GO TO (900,400,900),INDC 
C  0 00 0 - - -
CHAPTER FOUR - CALCULATES THE ADIABATIC FLAME TEMPERATURE AT IGNITION 
C
400 CALL TEMP(TU2,IRR,IND,RR)
TB2=T
VB2=1.E-12*V2 
AMB2=1.E-12*AMA 
900 RETURN 
END
C
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
c
SUBROUTINE FUEL (AF)
CALCULATES THE MOLE FRACTIONS FOR AN ISO-OCTANE METHANOL MIXTURE 
C
COMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQ(12),XPA,XF(5)
C
VF=1.0-FL0AT(M)/100.
X=VF/(4.0431-3.0431*VF)
IF(M) 1,1,2
1 X=1 .0
2 A = 1 .5+11.0*X
SAFR=137.34*(1.5+11.0*X)/(82.196*X+32.037)
FrSAFR/AF
S=1.0+4.77l8*A/F
XF(1)=X/S
XF(2)=1./S-XF(1)
XF(3)=A/F/S 
XF(4)=XF(3)*3.7274 
X F (5)= X F (3)*0.0444
C
C FUEL MIXTURE C O M P O S I T I O N
AN=1.0+7.0*X 
AM=4.0+14.0*X 
AL=1.0-X 
AK=0.0
C
RETURN
END
C
C--------------------------------------------------------------------
SUBROUTINE O U T S U M (R E V ,M C Y C L ,Z A ,Z B ,Z C )
COMMON /O U T/ BP M AX ( 6 4 ) ,BPTHTA(64),BMBMAX(64),BMBRAT(64),BMBTHE(64) 
1,BTIM10(64),BTIM50(64)
CALL DEVN(MCYCL,BPMAX,PMAX,PMAXSD)
CALL D E V N (M C Y C L ,B P T H T A ,P T H E T A ,P T S D )
CALL D E V N (M C Y C L , B M B M A X ,A M B M A X ,A M B S D )
CALL D E V N (MCYCL,BMBRAT,AMBRAT,AMBRSD)
CALL D E V N (MCYCL,BMBTHE,AMBTH,AMBTSD)
CALL D E V N ( M C Y C L ,B T I M 1 0 ,TIM10,T 1 O S D )
CALL D E V N ( M C Y C L ,B T I M 5 0 ,T I M 5 0 ,T 5 0 S D )
T I M 10 = T I M 10/R E V / .006 
TIM50=TIM50/REV/.006 
T 1 0 S D = T 1 O S D / R E V / .006 
T 5 0 S D = T 5 0 S D / R E V / .006 
A MB MA X =A M B M A X * 100.
A MB S D = A M B S D * 100.
A M B RA T =A M BR AT * 100.
A MB R S D = A M B R S D * 100.
C
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
c
WRITE(5,100)ZA,ZB,ZC 
.100 F O R M A T ( / / 4 0 X , ‘S H O R T  S U M M A R Y  »/44X,*RUN NUMBER ’ ,3A 
13//)
W R I T E ( 5 , 101) PMAX,PTHETA
I , 1 HLilN ' , C. I ^  . M ;
W R I T E (5,102)PMA XS D ,PTSD
102 F O R M A T (14X,1 (LB /I N 2) 1,6X,4X,E12.4,20X,'SD \  «SD* ,4X,E12.4/)
W R I T E (5,103)A MB MA X ,AMBSD
103 F O R M A T (10 X , 1 MAX MASS BURNT MEAN », El2.-U/1 ^ 4X,' (%) *, 11X
1,'SD 1 ,E12. V )
W R I T E (5,104)A M B R A T ,AMBTH
104 F O R M A T (1OX,'MAX BURNING RATE MEAN ',E12.4,4X,'CRANK AN*
1 ,’GLE',5X,'MEAN «,E12.4)
W R I T E (5,105) AMBRSD,AMBTSD
105 F OR MA T (14X,«($/ CA ) ',8X,'SD' ,4X,E12.4,20X, 'SD' ,4X,E12.4/) 
WRITE(5,106)TIM10,T10SD
106 F OR MA T (1O X ,'0- 1% BURN TIME MEAN ',E12.4/14 X , '( M S ) ',
110 X ,1SD ',E12.4/)
W R I T E (5,107)TIM50,T50SD
107 F OR MA T (1O X ,10-50% BURN TIME MEAN ' ,E12.4/14X,1( M S ) 1,
110X , !SD ',E12.4/)
RETURN
END
SUBROUTINE DEVN(N,X,AMEAN,SD)
DIMENSION X(64)
S U M = 0 .
X2=0.
DO 1 1=1 ,N 
SUM=X(I)+SUM 
X2=X2+X(I)**2 
1 CONTINUE 
AMEAN=SUM/FLOAT(N )
SD=SQRT((F L O A T (N)*X2-SUM**2)/ F L O A T (N )/ F L O A T (N - 1))
RETURN
END
SUBROUTINE S P E ED S (T U ,I R R ,I N D ,R F 1 ,R F 2 ,H C Y L ,D E L T ,T A ,
1 AM B1 ,A M B 2 ,S L ,S P ,S T ,S E )
C OMMON/PROP/AVM,R ,H ,U ,D R T ,D H T ,D U T ,D R P ,D H P ,D U P ,D R F ,D H F ,DUF 
C OMMON/BLOC/M,AN,AM,AL,AK,F,T,P,KLO,IERR,XEQ(1 2 ) ,XPA,XF(5) 
CALCULATES THE FLAME SPEEDS AT ONE DEGREE INTERVALS FOR METHANOL 
C
C LAMINAR FLAME SPEEDS (SL) AFTER KODA ET AL 1982
C ADIABATIC FLAME TEMPERATURES
CALL TEMP(TU,IRR,IND,RR)
IF(IRR.NE.O) GO TO 999 
TA=T
C
SL=0.0109*(TU/1 .8)*((TA/1.8)**2.45)*EXP(-10393./(TA/1.8))/(((TA-TU 
1 )/ 1. 8 )* * l. 5) / 2. 5V 1 2. 0  
N1 = 1 .8
I F( F- 1 .0) 200,200,201 
201 N1=-.9
200 SL=SL*(( 14.7/P)**0.2)*(F**N1)
C PROPAGATION VELOCITY (SP)
SP=(RF1-RF2)/12./DELT 
C TURBULENT FLAME SPEED (ST)
IF(HCYL-RFI) 100,110,110 
100 AF=6.284*RF1*RF1 
GO TO 120 
110 A F = 6 .284*RF1*HCYL 
120 RO=P/RR/TU/12./778.
IF (RF1) 150,150,160 
150 ST=0.
GO TO 170 
160 ST=(AMB1-AMB2)/DE LT / RO / AF / 12.
170 CONTINUE 
C - EX PA N SI O N  VELOCITY (SE)
SE=SP-ST
OOO DrTMPW
BA Equilibrium analysis plotting routine
o .....
C PLOTS P-THETA ,MASS BURNT AND MASS BURNING
C RATE DIAGRAMS FEB83
£##########*####*#«*###*#**##a#######################
c
DIMENSION P(241),AM(241),X(241),DAM(241)
W R I T E ( 1,10)
10 F 0 R M A T O T Y P E  1 FOR VDU/TYPE 2 FOR P LOTTER’) 
R EA D( 1,12) NUM
12 F O R M A T (12)
IF (NUM.EQ.1) CALL T5600 
IF(NUM.EQ.2) CALL CC906N 
WRITE (1,11)
11 F O R M A T ( ’NUMBER OF CYCLES P LEASE<=16’)
R E A D ( 1,12) M
C
C
630 X0R=60.
Y0R=20.
DO 200 K = 1 ,4 
K1=K1+1
IF(K1-M) 600,600,200 
600 DO 100 1=1,241 
R EAD(5,101)P(I)
101 F0RMAT(E12.4)
X (I )= F L0 A T( I) - 12 1 .
100 CONTINUE
CALL AXIP0S(0,X0R,Y0R,80.,1)
CALL AXIP0S(0,X0R,Y0R,50.,2)
CALL A X I S C A ( 3 ,5,0.,500.,2)
CALL AXISCA(3,4,-120.,120.,1)
CALL GRAPOL(X,P,241)
CALL C HA S I Z ( 2 . ,2.)
210 CALL G R I D ( 2 ,1,1)
CALL G RA M 0 V ( - 6 0 . ,-110.)
CALL CHAH0L(17HCRANK A N G L E / D E G * .)
CALL G R A M O V ( - 1 5 0 .,100.)
CALL CHAANG(90.)
CALL C HA HO L ( 19HPRESSURE/LBF IN-2*.)
CALL CHA AN G (0 . )
YORrYOR+70.
200 CONTINUE 
X O R = 1 40.
Y0R=20.
DO 400 K = 1 ,4 
K2=K2+1
IF(K2-M) 410,410,620 
410 DO 300 1=1,141 
R EA D( 6 , 101) AM(I)
X (I )=-21.+ F L O A T (I )
I F( 1— 1) 300,300,305 
305 DAM(I ) =A M (I )- A M( I- 1 )
300 CONTINUE
CALL AXIPOS(0,XOR,YOR,70.,1)
CALL AXIPOS(0,XOR,YOR,50.,2)
CALL A X I S C A ( 3 ,5,0.,1.,2)
CALL A X I S C A ( 3 ,7,-20.,50.,1)
CALL GRAPOL (X,AM,71)
CALL G R A M 0 V ( 0 . ,-0.15)
CALL C H A H 0 L O 7 H C R A N K  ANGLE/DEG*.)
CALL G R A M O V ( - 2 8 . ,.1)
CALL CHAANG(90.)
CALL CHAH0L(21HMASS FRACTION BURNT*.)
CALL GRAMOV(58.,0.)
CALL C H A H O L (26HMASS BURNING RATE/^DEG-1*.)
CALL C H A A N G ( 0 . )
B-31
CALL GRAM0V(51.,1.)
CALL CHAH0L(5H10.*.)
CALL GRID(2,1",1)
CALL AXISCAC3,5 ,0 . , .1 0 ,2 )
CALL GRAPOL(X,DAM,71) 
Y0R=Y0R+70.
400 CONTINUE 
CALL PICCLE 
GOTO 630 
620 CALL DEVEND 
STOP 
END
B5 Data conversion programs 
B5.1 Conve r t.CC
B— 3 3
£include <stdio.h>
£define NPERLINE 10 
£define BUFSIZE 1024
char buffer[BUFSIZE]; 
int epos;
main(argc,argv) 
int argc; 
char *argv[];
{ int totbytes=0, nlines=1, nonline=0, nread; 
int Fdin;
FILE *fpout;
if (argc != 3) {
printf(’’Correct format: run convert old_file new_file\n");
return;
}
if ((fdin = open(argv[1],0)) < 0) {
printf("Could not open file: ’% s ’\n",argv[1]); 
return;
}
if ((fpout = fopen(argv[2],"w” )) == 0) {
printfC'Could not open file: ’% s ’\n",argv[2]);
close(fdin);
return;
}
printf("Converting file *%s' into file ’%s'\n",argv[1],argv[2]);
while ((nread=read(fdin,buffer,BUFSIZE)) > 0)
for (cpos=0; cpos<nread; cpos++, totbytes++, nonline++)
{
if (nonline==NPERLINE)
{
nonline=0;
putc(’\n’,fpout);
nlines++;
}
fprintf(fpout,"%d ”,buffer[cpos] & 255);
}
putc(’\n’,fpout);
printf("Total bytes input = %d\n",totbytes); 
printf("Total lines output = $d\n",nlines);
close(fdin); 
fclose(fpout);
B5.2 MODIFY.FTN
B- JJ>
DIMENSION M(12),N(3864),P(3864)
KK=-240
K=0
DO 1 J J = 1 ,322 
READ(2,100)(M(I),1=1,12)
100 F ORMAT(IH,1115)
DO 2 J = 1 ,12
K=K+1
N(K)=M(J)
2 CONTINUE 
1 CONTINUE
K=0
DOU J=1 ,16 
KK=KK+241 
DO 3 1=1 ,241 
KzK+1
P(K)=(FLOAT(N(K)-N(KK)) )/102.4*10.*14.5+13.3 
W R I T E ( 1,110) P(K)
110 FORMAT(F5.1)
3 CONTINUE
4 CONTINUE 
STOP 
END
B5.3 MODI.FTN
o 
o 
o 
o 
o
B-37
M0D1 CONVERTS INTEGER DATA FILE TO 
PRESSURE READINGS FOR INPUT TO 
FARYMANN. FTN RAJ/OCT84
DIMENSION IRDG(10),P(30000)
W R I T E ( 1,130)
130 F O R M A T ('IS THE FIRST CYCLE A FIRING STROKE Y=1 N=2') 
R E A D ( 1,140) IND 
140 F0RMATCI2)
W R I T E (1,120)
120 FORMAT('ENTER NUMBER OF FIRING STROKES RECORDED') 
REA D (1,140) NREVS 
W R I T E ( 1,110)
110 FORMATC'INPUT AMPLIFIER SCALE BAR/VOLT')
R EA D( 1,*) SCALE 
KK=(NREVS*720+1)/10 
DO 1 1 = 1 ,KK
READ(6,*)(IRDG(M),M=1,10)
DO 2 11=1 ,10 
K=K+1
P(K)=14.7+FL0AT(IRDG(II))*SCALE/231.*2.5*14.5 
100 FORMAT(F6.2)
2 CONTINUE 
1 CONTINUE
IF(IND-I) 50,50,51
51 K1=452 
GOTO 52
50 K 1 =93
52 CONTINUE 
KOUNT=KOUNT+1 
K 2 = K 1+240
DO 3 IK=K1 ,K2 
W R I T E ( 5 ,100) P(IK)
3 CONTINUE 
K1=K1+720
I F (N REVS-KOUNT) 61,61,52 
61 CONTINUE 
STOP 
END
APPENDIX C 
ENGINE TEST RESULTS
Cl Farymann baseline performance test results
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D1
APPENDIX D
Derivation of equations for two-zone synthesis model
D-2
The fundamental equations of the equilibrium theory may be re­
arranged to predict the rate of change of pressure from the 
combustion model.
Application of the gas law to the unburnt zone yields 
p m ft f f
7  '5_ + r _ + ~  ~  2*u
u u u u
Now m = - ra 
b u
and assuming that 0 2.9
p nr t ^
D1p m T Vu u u
Similarly for the burnt zone
- = _-k+ b _ b  d2
P mb Tb Vb
Equating equations D1 and D2 gives :
V m, m, f t
u _ _b _ __b _b _b _u
V V m ” m ” T T
u b u b b u
Now $ = - $ D4
b u
. . Substituting from D3 and D4 gives
* . , _ v - S. . S.. + ! u ]
b u 1 V, m m T. T I*■ b u b b u J
f ■ V 1 C \ \ ^
f l + ^ l = T ? - V  4  ^ + - H ib I Vb J ul mu %  Tb Tu J
V f t,  f  ]u I _b_ _u I
v l T b "
 tJL = A + =2. I ± ^ V D5
EH 3
h A f * + V u  ( “ b 4- M l T*w ere =  + —  D6
Returning to equation D2 and substituting for V y  from D5
*b . *b v f t f Iu 1 __b_ _u /
' V l Tb ' Tu )= ~  + ~r~ ~ AP “b Tb
f, V V 1
V " t T  < > - r >  ♦ T Tb u
mbwhere B = —  - A D8
mb
Similarly equation D1 and D2 gives
\  T. TU ,  b ,  b b u
V, V m m T, T
b u b u b u
and since V
u b
r ^ »k tw t 1-  V, J - i i  + —  + —  + —  1-
b 1 vu “b mu Tb Tu J
la = 1 Ikf Hk
Vu " v ■ v 1 "b
IT +
U
“ h “ h
m
fb
' h  +
. “
•m
j j  +m
u
*b
Tb
tu
T
u
*b ! a
Tb TU J
where C = j |  - DIO
Application of the First law of Thermodynamics to the burnt zone 
gives:
m, u, = Z 0, - p^ , - m h b b b b u u
\  Ub + % V  Zf!b " P \  •  Au<u„+ W
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but u. = 3ub
3p P +
3ub
3T,
therefore
3uh 3ub
bl u + m  -- p + m —=r~ = P^ i + m. (u + R T )D b  b 3p * b3Tb b * d  d u u u
Substituting p from D7 and from D5 gives
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Similarly for the unburnt zone
m u = zQ - p V + m ( u + R T )  u u  u u u u  u u
m u + u  m = Z$ “ ptf + m ( u  + R T )  u u  u u  A1 U u u u u
3u
m (u - u - R  T ) + m  t = zQ - ptfu u u u u  u3T u u \u
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Substituting for Vy from D0 yields
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Substituting D12 for — - from, Dll gives
b1u _ G 
T H
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F T F J
ii1 + J>±
u H HF GF + DIor —  =   = -------
T 1 - El HF - El
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The rate of change in unburnt gas temperature may then be 
computed from equation D13 using the Wiebe combustion model and a 
technique similar to that of chapter 2 for the diagnostic model. 
The other thermodynamic properties may then be evaluated from 
equations Dll, D9, D5 and D2. The indicated performance may be 
evaluated from the derived pressure diagram.
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THE ANALYSIS OF THE COMBUSTION OF ANALYSE OE COMBUSTION DU METHANOL DANS UN
METHANOL IN THE LEAN-BURNINC RECIME r£C!ME DE COMBUSTION PAUVRE X L*AIDE D’UN
US INC AN ENCINE COMBUSTION MODEL MODULE DE COMBUSTION INTERNE
R.A. Johns, 
University of Surrey, 
Guildford, England
Operation of spark-ignition engines with lean 
mixtures is well established and equivalence 
ratios may be weakened to about 0.8 before 
cyclic variations in combustion limit stable 
running. The susceptibility of combustion 
chambers to cyclic variations may be 
evaluated by studying cyclic burning rates 
computed from pressure-crank angle data. The 
purpose of this work is the application of a 
computer model of combustion in a comparative 
analysis of the combustion of methanol in the 
lean-burning regime in a highly turbulent, 
divided chamber engine. The program uses 
equilibrium theory to predict mass burning 
rates and species concentrations for 
individual cycles in a two-zone model.
The different types of combustion associated 
with lean mixtures have been identified; in 
particular early flame extinction and low 
burning rates that result in incomplete 
combustion at EVO. The computed results show 
that higher burning rates are achieved using 
highly turbulent combustion chambers with 
methanol fuel and that the incidence of 
cyclic v a r i a t i o n s  i s reduced thus extending 
stable operation further into the lean 
burning zone. The significance of the period 
during which the flame kernel is being 
established on maximum burning rates has also 
been demonstrated and quantified with a power 
law.
Le fonctionneraent des raoteurs a alluraage 
commande avec des melanges faibles est blen 
docuraente, et les rapports d'equivalence 
peuvent etre abalsses jusqu'a environ 0,8 
avant que les variations cycllques de la 
combustion ne limltent la stabllite du fonc- 
tionneraent. La suscepttbiLite des charabres 
de combustion aux variations cycLiqucs peut 
etre evaluee en etudiant les taux de combus­
tion cycliques calcuLes & partir des donnees 
sur la pression et le deplaceraent anguLaire 
du vilebrequln. Le but de ces travaux est 
d'appliquer un modele informatique de la 
combustion a l'analyse comparative de la 
combustion du methanol en regime pauvre dans 
un raoteur 3 chambre divisee et a haute tur­
bulence. Le programme utilise la theoric de 
l'equillbre pour calcuLer les vltesses de 
combustion masslques et les concentrations 
des diverses substances pour les differents 
cycles dans un modele a deux zones.
Les differents types de combustion associes 
aux melanges pauvres ont ete identifies, et 
notammcnt I'extlnction preraaturee de La 
flamme et les faibles vitesses de combustion 
qui decoulent d 'une combustion incomplete 
avec soupapes d 'echappement ouvertes. Les 
resultats calcules indiqucnt que des vites­
ses plus elevees sont obtenues en utilisant 
des chambres de combustion a haute turbu­
lence avec du methanol et que I'effet des 
variations cycliques esc reduit, ce qui pro- 
longe davantage la stabllite de fonction- 
neraent dans la zone de combustion pauvre.
En outre, on a deraontre et quantifie, grace 
a une equation de puissance, 1 *iraportance , 
sur les vitesses raaxiraales de combustion, de 
la periode durant laquelle le centre de la 
flamme s'etablit.
THE PERFORMANCE OF A DIVIDED CHAMBER SINCLE CYLLNDER ENGINE WITH 
LEAN METHANOL MIXTURES
R A Johns and A W E  Henham
Department of Mechanical Engineering, University of Surrey, Guildford.
SUMMARY
Small diesel engines are in common use for electrical power 
generation in many remote areas. These engines may be readily 
converted to burn alternative fuels such as alcohols which may be 
produced locally from indigenous raw materials. The highly 
turbulent combustion chambers in these rugged engines are ideally 
suited to burning lean, spark-ignited mixtures thereby improving 
economy whilst reducing exhaust emissions. This paper describes the 
conversion of a 7.5 kW divided chamber engine to spark ignition and 
Lts combustion performance with lean methanol mixtures. The 
influence of equivalence ratio on burning rates and stable operation 
in the lean burning regime is compared for M100 and iso-octane using 
a computer combustion model to analyse experimentally acquired 
pressure data. The results indicate that these engines may be run 
successfully on M100 with stable operation extended further into the 
lean burning regime through reduced delay periods and higher burning 
rates.
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FLAME DEVELOPMENT LN SPARK-ICNITLON 
ENCINES BURNLNG LEAN METHANOL MIXTURES
R A Johns and A W E  Henham 
University of Surrey, Guildford, England.
Summa ry
Small diesel engines may be readily converted to spark-ignition to 
burn alcohols. The highly turbulent pre-chambers in these engines 
are ideally suited to burning lean mixtures, thereby improving fuel 
economy whilst reducing exhaust emissions. This paper describes 
the application of a diagnostic engine computer combustion model to 
the analysis of flame development in such an engine. The results 
exhibit characteristic features of flame development; a period of 
heat transfer to the unburnt gas between the spark plug electrodes, 
instantaneous self-ignition and a period of decelerating flame 
propagation. These characteristics were modelled for use in engine 
computer simulations.
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C om bus t ion  cham ber  
d e ve lo p m e n t  th rough d iagnost ic  
m ode l l ing
Die e n tw ic k lu n g  von 
v e rb re n n u n g s k a m m e rn  durch 
a n w e n d u n g  von d iagnost ischen  
m ode l len
M ise  au po in t  des Chambres de 
c o m b u s t io n  par le moyen de 
m ode les  d iagnos t iques
R.A. Johns, AAV.E. Henham and P. Marshall 
Faculty o f Engineering. University ofSurrey. Guildford. U.K.
ABSTRACT
The use of a older range of fuels in spark-ignition engines and the 
quest for fuel economy with low exhaust emissions are important issues in 
engine design today. The performance of current and proposed combustion 
chamber designs needs to be assessed with both conventional and 
alternative fuels. The parameters defining combustion chamber 
performance, such as mass burning characterIstics, initial flame 
development and cyclic variations in these parameters, may be readily 
determined using computer combustion models. These are used here in a 
diagnostic manner to reduce experimentally acquired cylinder pressure 
data.
This paper describes an equilibrium theory model and its u6e in 
determining the combustioo performance parameters from test bed results 
taken from three engines- The results obtained indicate the significant 
phases of flame development, its influence on subsequent burning rates, 
and the Influence of differing geometries on combustion performance-
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ALCOHOL FUELS
Synopsis
R A JOHNS
(Department of Mechanical Engineering)
Alcohol fuels are expected to become an economic/strategic alternative to 
oil over the next decade as oil reserves are depleted and more countries 
seek to become more energy self-sufficient. Methanol production from 
natural gas and ethanol from biomass offer suitable local alternatives. 
The concept of a common world fuel will not be practical as oil supplies 
decrease.
There are no insurmountable engineering problems resisting the transition 
to alcohol fuels on a large scale. Manufacturers are already active in 
evaluation programmes with captive fleets in California and Ontario. The 
alcohol engine is more suitable than the gasoline version for high 
efficiency with lean mixtures but increased wear is of concern. In the 
diesel field cetane improvers, pilot injection of oil or glow plugs are 
needed to ignite alcohol fuels by compression ignition.
This seminar will review the production and utilisation of alcohol fuels.
Mr Johns presented a paper at the VI International Symposium on 
Alcohol Fuels Technology in Ottawa, May 1984.
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